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RESEARCH AND PRACTICES IN WATER CHEMISTRY AND 
CORROSION CONTROL APPLIED TO KOZLODUY NUCLEAR 
POWER PLANT 

 
I. DOBREVSKI*, K. MINKOVA**, N. ZAHARIEVA*  
*- Institute for Nuclear Research and Nuclear Energy BAS– Sofia, Bulgaria 
** Kozloduy Nuclear Power Power Plant –Plc. – Kozloduy, Bulgaria 
 
 
1. REVIEW OF WORK IN THE FIELD OF THE DAWAC CRP, 

PREVIOUSLY CARRIED OUT AND PLANS /PERSPECTIVES/ FOR 
THE FUTURE WORK, STATUS AS OF JUNE 2001 

 
1.1. Review of work and plans 

 
   
As first stage of our investigations is the realization of the Institute contract with NPP-
Kozloduy, entitled: “Modeling of activity buildup and calculation of the time-
accumulated activity for the main corrosion product radionuclides 60Co and 58Co on 
different parts of the primary system of the Unit 4 of Kozloduy NPP”. The objective 
of this research is the obtaining of forthcoming information for the accumulated 
activity of different parts of primary circuit, using the real water chemistry plant data. 
These results are planned to be used in the future for evaluation of the consequences 
of the deviations of the real water chemistry from the water chemistry guidelines. We 
hope that we will be able to make comparison between the ideal (100% followed 
guidelines water chemistry) and real plant water chemistry. 
 
As the basis of our calculation is the MIGA-RT code [1], which allows being obtained 
everyday values of the contributions of the water chemistry changes to the activity 
buildup on the primary circuit surfaces. 
 
The first results of our investigations are planned to be presented at the end of June 
2002.  After the comparison of the obtained results with the reality in NPP Kozloduy 
we are planning to extend this approach to the 1000Mw-Units in NPP Kozloduy. On 
the basis of the results of the full scale investigations in NPP Kozloduy, we hope to be 
able to define the limits for the numbers and scales of the assumed deviations of the 
real plant water chemistry in comparison with guidelines. 
 
Water chemistry plays an important role in corrosion and other materials degradation 
mechanisms in nuclear power plants and contributes to personnel radiation exposures, 
connected to the activity build-up at the primary circuit surfaces. For aging units like 
these in NPP Kozloduy the effective chemistry control may be the key to continued 
safety and economic operation. 
 
The real practice of nuclear power plants shows that in some cases different 
deviations from the normalized water chemistry conditions are occurred. For these 
cases are developed rules for the plant personnel reactions. The signals are coming 
from the operation information of the water chemistry control systems in the primary 
circuit by measurement of so called standard and diagnostic indicators of the quality 
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of circuit coolant. For NPP – Kozloduy (Bulgaria) from July 2000 are valid new 
normalized water chemistry parameters for the primary circuits of both 440 MWe 
Units and 1000 MWe Units. These water chemistry parameters (indicators) are shown 
in the Table1. 
 
Table 1. Water chemistry parameters (indicators) for WWER-440 and -1000 units 
 
No INDICATOR WWER-440  WWER-1000  
  RATED 

VALUE 
NOTE RATED 

VALUE 
NOTE 

1. PH-250C 6 ÷10,30 3000C –7,1±0,1 5,7 ÷ 10,2 3000C-7±0,2 
2. H3BO3 0 ÷ 10,00 g/kg  0 ÷ 16,00 g/kg  
3. NH3 >3,0 ppm  ≥ 5,0 ppm  
4. Cl & F < 0,100 ppm F- 2 time/week ≤ 0,100  
5. K, Na, Li 0,05-0,45 ppm as K 0,05-0,45 ppm as K 
6. O2 < 0,005 ppm  ≤ 0,005 ppm  
7. Fe < 0,05 ppm  ≤ 0,200 ppm  
8. NO3 < 0,2 ppm  -  
9. SO4 2- < 0,2 ppm  -  
10. SiO2 2- < 0,5 ppm  -  
11. Cu -  ≤ 0,020 ppm  
12.  H2 25÷50 nml/kg 2 time/week 30÷60 nml/kg 3 time/week 
 
The obtained water chemistry data concerning boric acid-alkaline concentration are 
evaluated through “BORIC ACID – ALKALINE MODE” is presented in Figure1. 
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Fig.1. Boric acid – alkaline mode figure, according to the new (2000) water chemistry 
specification for RCS at Kozloduy NPP WWER-440 Units.  

 
The plant personnel has recommendation now long time the Units work is permitted 
by different off-normal conditions ( conditions out of zone A). 
 
Up to now exists not enough clarity about the real consequences (quantitative) of the 
observed water chemistry deviations. This is the reason that we have not enough 
argumentation how many times is possible to permit such kind of water chemistry 
deviations in the frame of the current cycle and during the reactor total life. 
 
As first stage of our participation in the CRP DAWAC is the realization of our 
Institute contract with NPP-Kozloduy, entitled: “Modeling of activity buildup and 
calculation of the time-accumulated activity for the main corrosion product 
radionuclides 60Co and 58Co on different parts of the primary system of a 440 MWe- 
Unit of Kozloduy NPP”. The objective of this research is the obtaining of forthcoming 
information for the accumulated activity of different parts of primary circuit, using the 
real water chemistry plant data. These results are planned to be used in the future for 
evaluation of the consequences of the deviations of the real water chemistry from the 
water chemistry guidelines. We hope that we will be able to make comparison 
between the ideal (100% followed guidelines water chemistry) and real plant water 
chemistry. 
 
As the basis of our calculation is the MIGA-RT code [1], which allows being obtained 
everyday values of the contributions of the water chemistry changes to the activity 
buildup on the primary circuit surfaces. After the comparison of the obtained results 
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with the reality in NPP Kozloduy (440MWe Units) we are planning to extend this 
approach to the 1000 MWe-Units in NPP Kozloduy. On the basis of the results of the 
full scale investigations in NPP Kozloduy, we hope to be able to define the limits for 
the numbers and scales of the assumed deviations of the real plant water chemistry in 
comparison with guidelines. 
  
 
 
 
1.2. Plant data collection from NPP Kozloduy necessary for the assessment of 
the consequences of the deviations of the real water chemistry from the water 
chemistry guidelines 
 
These plant data are necessary for the application of the MIGA-RT Code [1] for the 
calculation of the activity build-up in the primary circuit (Unit 440 MWe) depending 
on the real time (every day) water chemistry and unit’s power data. Using the MIGA-
RT code we have calculated the accumulated activity for the following main system 
components: reactor core (RC), hot leg (HL), cold leg (CL), steam generators tubing 
(SGT) and the primary coolant’s activity.  
 
The collected necessary plant input data and water chemistry and power input data are 
given in Tables 2 and 3, respectively. 

 
 
 
 
 
Table 2.Plant input data 
 
Fuel element cladding surface (Zr-Nb alloy) 
Total primary circuit surface 
Hot leg pipes + Hot collector surface (SS) 
Cold leg pipes + Cold collector surface (SS) 
Steam generator tubing surface (SS) 
Surface of stainless steel (SS) in core  (surface under full irradiation) 
Surface of stainless steel out of core 
Coolant volume in the primary system 
Nominal power (normalized) 
Temperature at 0 – power and hot standby 
Average temperature 
Average core thermal neutron flux 
Average core fast neutron flux 
 
Water chemistry input data includes: concentrations of boric acid, alkalizing ions and 
dissolved hydrogen in the coolant. These data are collected as average for every day 
of operation. The power changes (in %) are given also as average per each operation 
day. Examples for some of the collected plant data are presented below. 

 
1. Table 3. Water chemistry and reactor power data.  
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Operation days NH4 mg/l H2 Nml/l  H3BO3 g/l K    mg/l Na   mg/l Li   mg/l POWER   % 

1 18,0000 35,0000 8,2500 6,7000 0,1000 0,1500 0,0000
2 12,5000 35,0000 7,6000 6,7000 0,1000 0,1000 35,9000
3 6,0000 35,0000 6,6500 7,2000 0,1000 0,1000 47,5000
4 9,2500 35,0000 6,2000 3,5000 0,1000 0,1000 57,8000
5 5,7000 35,0000 5,8700 4,8000 0,1000 0,1000 68,2000
6 7,2500 35,0000 5,6000 5,3500 0,1000 0,1000 86,4000
7 7,0000 35,0000 5,4700 8,8000 0,2000 0,1000 88,6000
8 6,0000 35,0000 5,3000 8,2000 0,1400 0,1000 90,9000
9 6,1000 35,0000 5,3000 6,7000 0,1300 0,1000 93,2000

10 6,2000 35,0000 5,3000 7,1500 0,1300 0,1000 93,2000
11 5,7000 35,0000 5,3000 5,2500 0,1250 0,1000 93,2000
12 6,7500 35,0000 5,2500 6,1000 0,1200 0,1200 93,2000
13 6,7000 37,0000 5,2000 7,0000 0,1300 0,1000 93,2000
14 6,4000 37,0000 5,1000 8,2500 0,1200 0,1000 100,0000
15 5,4000 37,0000 5,0000 7,5000 0,1000 0,1000 100,0000
16 6,1000 37,0000 5,0000 9,1000 0,1000 0,1100 100,0000
17 7,0500 37,0000 5,0000 8,6000 0,1200 0,1000 100,0000
… ……… ………. ……… ……… ……… ……… …………
91 5,4000 31,0000 3,6000 8,4000 0,1000 0,2800 52,3000
92 4,4000 31,0000 4,0500 7,7000 0,1000 0,2800 50,0000
93 5,8000 31,0000 4,0500 8,2000 0,1000 0,2800 50,0000
94 5,2000 28,0000 4,2300 8,2500 0,1200 0,2900 50,0000
95 5,9000 28,0000 4,3400 9,4000 0,1300 0,3900 50,0000
96 6,2000 28,0000 4,4000 9,8000 0,1300 0,3000 50,0000
97 6,5000 29,0000 4,3500 9,8000 0,1300 0,3000 50,0000
98 6,2000 29,0000 4,2000 9,8000 0,1300 0,3000 50,0000
99 6,5000 29,0000 4,2000 9,8000 0,1300 0,3000 50,0000

100 5,8000 29,0000 4,3400 9,8000 0,1300 0,3000 50,0000
101 6,2000 29,0000 4,3400 9,9000 0,1000 0,3500 50,0000
102 6,5000 29,0000 4,3400 10,0000 0,1000 0,3800 50,0000
103 6,5000 29,0000 4,3400 10,4000 0,1000 0,3700 50,0000
104 7,0000 30,0000 4,2700 10,4000 0,1000 0,3700 50,0000
.… ……… ………. ……… ……… ……… ……… …………

169 6,2000 31,0000 3,7200 7,2000 0,1000 0,2700 47,7000
170 6,4000 31,0000 3,6500 7,2000 0,1000 0,2700 49,1000
171 6,9500 28,0000 3,6200 6,1000 0,1000 0,2700 81,8000
172 6,9500 28,0000 2,9400 6,1000 0,1000 0,2700 97,7000
173 8,5000 38,0000 2,9700 7,3000 0,1000 0,2900 97,7000
174 8,5000 38,0000 2,2900 7,3000 0,1000 0,2900 97,7000
175 6,0000 38,0000 2,7200 6,1000 0,1000 0,2400 97,7000
.… ……… ………. ……… ……… ……… ……… …………

262 5,6000 31,0000 1,1100 3,5000 0,1000 0,1900 93,2000
263 5,4000 31,0000 1,0500 3,5000 0,1000 0,1900 93,2000
264 6,8000 31,0000 0,9900 3,7000 0,1000 0,1800 45,5000
265 5,0000 31,0000 1,5400 3,7000 0,1000 0,1800 45,5000
266 4,8000 31,0000 1,5400 3,4000 0,1000 0,1800 45,5000
267 5,4000 31,0000 1,7300 3,4000 0,1000 0,1800 45,5000
268 6,4000 31,0000 1,7300 3,4000 0,1000 0,1800 45,5000
269 6,2000 31,0000 1,7300 3,7000 0,1000 0,2000 45,5000
270 5,0000 31,0000 1,7300 3,7000 0,1000 0,2000 47,7000
271 6,6000 31,0000 1,7300 3,6000 0,1000 0,2000 47,7000
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272 5,0000 30,0000 1,7300 3,6000 0,1000 0,2000 47,7000
273 6,0000 30,0000 1,7300 3,6000 0,1000 0,2100 47,7000
274 5,0000 30,0000 1,7300 3,6000 0,1000 0,2100 47,7000
275 6,8000 30,0000 1,6700 3,6000 0,1000 0,2100 47,7000
276 5,4000 32,0000 1,6700 3,7000 0,1000 0,2100 47,7000
277 5,6000 32,0000 1,6700 3,7000 0,1000 0,2100 47,7000
278 3,6000 32,0000 1,1100 2,2000 0,1000 0,1100 93,2000
279 6,4000 32,0000 0,8600 2,2000 0,1000 0,1100 95,5000
.… ……… ………. ……… ……… ……… ……… …………

337 6,8500 35,0000 0,0400 1,9000 0,1000 0,1000 93,2000
338 7,0000 35,0000 0,0400 1,9000 0,1000 0,1000 93,2000
339 6,2500 35,0000 0,2900 2,9000 0,1000 0,1200 50,0000
340 7,5000 35,0000 0,2800 2,9000 0,1000 0,1200 50,0000
341 6,9500 35,0000 0,8750 3,2000 0,1000 0,1900 22,7000
342 9,0000 35,0000 0,8000 3,2000 0,1000 0,1900 50,0000
343 9,0000 35,0000 0,8000 3,2000 0,1000 0,1900 50,0000
344 6,9000 35,0000 0,7400 3,2000 0,1000 0,1900 50,0000
345 6,2000 35,0000 0,7300 3,2000 0,1000 0,1900 50,0000
346 6,2000 35,0000 0,7300 3,2000 0,1000 0,1900 50,0000
347 3,2000 35,0000 0,6100 3,2000 0,1000 0,1900 50,0000
348 5,0000 35,0000 7,9000 3,2000 0,1000 0,1900 0,0000

 
 
The compact information of the changes of the power during the operation time is 
presented in the next figures. 
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FIG. 2. One cycle power changes at 440 MW Unit of Kozloduy NPP. 
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FIG. 3. One quarter reactor power changes at 440 MW Unit of Kozloduy NPP. 

 
 

FIG. 4. One cycle reactor power change (%) at 440 MW Unit of Kozloduy NPP. 
 
 
1. K.Dinov, Iv.Dobrevski, N.Zaharieva, P.Menut,  Modeling of VVER Light-Water 
Reactors Activity Buildup, ICONE 8, Baltimore, USA, April 2-6,2000, CD-ROM 
Proceedings, No 8229 
 
 

 



 9

  
 



 10

2. WWER PRIMARY SYSTEM WATER CHEMISTRY: EXPERIENCE 
OF BULGARIAN NUCLEAR POWER PLANT KOZLODUY (Years 2000 – 
2002) - COMMENTS AND RECOMMENDATIONS 

 
 
The coolant chemistry in Bulgarian WWER NPPs was optimized with regard to both 
dose rate reduction and prevention of the cladding from general corrosion, particularly 
with high heat flux, high temperature, when nucleate boiling may occur under deposit, 
creating local over concentration of alkaline ions (potassium, lithium and sodium).  
 
More then thirty years ago operation practice of the WWER Units in Kozloduy NPP 
(Bulgaria) was connected to the Kurchatov Institute’s (Moscow) water chemistry 
conception (1) – coordinated potassium – boric acid concentrations in cooling water 
all along the fuel cycle. The milestone of this conception (for WWER – 440) was the 
presumption that the coolant pH value had to be close to pH = 7.2 at 260oC, 
corresponding to the potassium / boron relation, showed at Fig. 5. (At the time this 
water chemistry conception was accepted by the operation of the all WWER – 440 
NPPs in Russia, Finland, Hungary, former GDR, Czech Republic, Slovakia, Ukraine, 
Armenia). 
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FIG. 5. Coordinated Potassium / Boric acid concentrations according to the 
Kurchatov Institute’s water chemistry conception (1) 

 
Since July 2000 at NPP Kozloduy (WWER-440) there has been new water chemistry 
specification for Reactor Coolant Systems (RCS) – Fig. 1. The operation water 
chemistry data concerning boric acid-alkaline concentrations following this new 
specification was evaluated by plant staff through the new  “BORIC ACID – 
ALKALINE MODE”. In connection with this “boric acid – alkaline mode” was 
developed new figure for the alkaline ions and boric acid coolant concentrations 
limiting different zones of the optimum water chemistry regimes and permissible, but 
time limited reactor operation conditions. The recommended by the specification 
2000 figure is presented at Fig.2. At this figure are not presented the pH values, 
corresponding to the different zones. According to the new specification comment 
text the line of optimum regime corresponds exactly to the pH=7.2 at 285oC.  To the 
lines limiting zone A (optimum zone) correspond pH(285) values - 7.3 (upper line) and 
7.1 (lower line) respectively. 
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The temperature 285oC was selected as reference temperature with presumption that it 
is an average temperature between coolant inlet and coolant outlet temperatures for 
this type of reactors. The plant operating staff is obligated to keep the required ratio 
between coolant alkaline ions – and boric acid concentrations in the frame of zone A 
limited values, and as exception (time limited) the corresponding potassium / boric 
acid ratios determined for zones B, C, D, G. Practically if plant operation staff 
observe the requirements of Fig. 1, concerning ratio of alkaline and boric acid 
concentrations, the water chemisrty guidelines for good practice will be kept. This 
recommended by the new water chemistry guidelines plant operation practice neglects 
the personnel interest to the real pH high-temperature values, corresponding to 
different reactor operation conditions. 
 
In fact the inlet and outlet reactor coolant temperatures are depending on both thermal 
reactor power and coolant flow rate. For Kozloduy NPP WWER-440 units the inlet 
reactor coolant temperature varies between 260oC and 265oC. The maximum value of 
the inlet reactor coolant temperature is typical for 100% thermal reactor power and 
the minimum temperature value is valid for the thermal reactor power lower than 
approximately 50%. The maximum value of the outlet reactor coolant temperature is 
293oC (typical for 100% thermal reactor power). The minimum value of the outlet 
reactor coolant temperature is 273oC for the thermal reactor power lower than 50%. 
Table 4-6 data show that of the determined values of both boric acid concentration 
and potassium concentration correspond to different pH values at different 
temperatures. 
 
Table 4*. Relation of pH at 300oC to Potassium and Boric Acid Concentrations 
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pH→ 6.70 6.80 6.90 7.00 7.10 7.20 7.30 7.40 7.50 
H3BO3 

g / l 
↓ 

  K 
ppm 
↓ 

     

0,00 0,73 0,96 1,24 1,52 1,97 2,48 3,15 4,00 5,07 
0,29 0,96 1,24 1,58 2,03 2,53 3,21 4,06 5,18 6,59 
0,86 1,46 1,86 2,31 2,93 3,72 4,73 6,03 7,60 9,69 
1,43 1,92 2,42 3,10 3,94 4,96 6,31 8,00 10,20 13,01 
2,29 2,65 3,38 4,28 5,46 6,93 8,79 11,21 14,25 18,20 
3,43 3,72 4,73 6,03 7,60 9,69 12,34 15,77 20,11 25,69 
4,58 4,84 6,14 7,83 9,97 12,67 16,17 20,62 26,42 33,86 
5,72 6,03 7,66 9,80 12,45 15,89 20,28 25,91 33,18 42,59 
6,87 7,32 9,29 11,83 15,10 19,27 24,62 31,55 40,50 52,05 
7,44 8,00 10,14 12,96 16,51 21,07 26,93 34,53 44,33 57,12 
8,01 8,68 11,04 14,08 17,91 22,93 29,35 37,63 48,39 62,36 

 
 
Table 5*. Relation of pH at 285oC to Potassium and Boric Acid Concentrations 
 
pH→ 6.70 6.80 6.90 7.00 7.10 7.20 7.30 7.40 7.50 

H3BO3 
g / l 
↓ 

  K 
ppm 
↓ 

     

0,00 1,01 1,30 1,63 2,08 2,65 3,32 4,22 5,35 6,82 
0,29 1,35 1,69 2,20 2,76 3,49 4,39 5,63 7,10 9,07 
0,86 2,03 2,59 3,27 4,17 5,30 6,70 8,51 10,82 13,75 
1,43 2,76 3,49 4,45 5,63 7,15 9,07 11,49 14,65 18,70 
2,29 3,89 4,90 6,25 7,94 10,08 12,79 16,34 20,79 26,53 
3,43 5,46 6,93 8,84 11,21 14,25 18,14 23,15 29,63 37,86 
4,58 7,15 9,13 11,60 14,76 18,76 23,94 30,64 39,15 50,25 
5,72 8,96 11,44 14,53 18,53 23,60 30,19 38,64 49,57 63,66 
6,87 10,93 13,91 17,69 22,59 28,84 36,90 47,32 60,84 78,25 
7,44 11,94 15,21 19,38 24,73 31,60 40,45 51,88 66,75 86,08 
8,01 12,96 16,51 21,07 26,93 34,42 44,16 56,67 72,95 94,07 

 
_____________________________________________________________________
* These data are recalculated at the basis of analogous table data for lithium and 
boron concentrations, presented in the EPRI “PWR Primary Water Chemistry 
Guidelines : Revision 2” (3). 
  
Table 6*. Relation of pH at 275oC to Potassium and Boric Acid Concentrations 
 
pH→ 6.70 6.80 6.90 7.00 7.10 7.20 7.30 7.40 7.50 

H3BO3 
g / l 
↓ 

  K 
ppm 
↓ 

 
 

    

0,00 1,18 1,46 1,86 2,37 2,99 3,77 4,84 6,14 7,77 
0,29 1,58 2,03 2,53 3,21 4,06 5,18 6,53 8,28 10,53 
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0,86 2,42 3,10 3,89 4,96 6,25 7,94 10,14 12,84 16,39 
1,43 3,32 4,22 5,35 6,76 8,56 10,93 13,86 17,63 22,48 
2,29 4,73 5,97 7,60 9,63 12,22 15,55 19,83 25,29 32,28 
3,43 6,70 8,51 10,82 13,75 17,46 22,25 28,39 36,28 46,42 
4,58 8,84 11,21 14,25 18,14 23,10 29,52 37,69 48,22 61,91 
5,72 11,10 14,08 17,97 22,87 29,24 37,35 47,77 61,29 78,75 
6,87 13,52 17,18 21,91 28,00 35,77 45,74 58,75 75,43 97,17 
7,44 14,76 18,81 24,05 30,64 39,21 50,25 64,50 82,98 106,9 
8,01 16,11 20,50 26,19 33,46 42,87 54,92 70,53 90,75 117,2 

 

As example we have prepared Fig. 6 and Fig. 7 showed pH values at 300oC and 
275oC, respectively, as function of potassium / boric acid ratio. Comparison between 
fig.3 and fig.4 enables to see that by boric acid concentration 5.0 g / l and potassium 
concentration 12.0 mg / l, pH(300

o
C) = 7.0 By the same concentrations of boric acid and 

potassium, pH(275
o

C) = 6.75 
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FIG. 6. pH values at 300oC as function of potassium / boric acid ratio. 
 

 
FIG. 7. pH values at 275oC as function of potassium / boric acid ratio. 
 
 
It is clear that the temperature difference of 25oC by the same values of both boric 
acid concentration and potassium concentration causes a difference of pH value about 
0.22 pH units. This result shows in addition that at the above mentioned values of 
boric acid / potassium concentrations at 300oC, the coolant corrosion activity, 
determined from pH value, is in an acceptable zone, while at 275oC the coolant 
corrosion activity is higher because the coolant pH value is lower. (If coolant 
temperature decrease to the 260oC the coolant pH value will be lower with additional  
0.15 pH units in comparison with pH(275

o
C)). 

 
The above mentioned allows to make a conclusion that the plant personnel should not 
to ignore the real pH high-temperature values corresponding to different reactor 
operation conditions. Therefore it is not enough the staff’s obligation to keep the 
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required boric acid / potassium ratio, following the requirements of Fig. 1. This is the 
reason for the recommendation that plant personnel should be obligated to pay 
attention to the real coolant high-temperature pH values, corresponding to different 
reactor operation conditions. 
 
In order to follow this recommendation are possible two ways: 

• doing an additional calculation of the coolant high-temperature pH values at 
the real coolant temperatures; 

• using of special completed figures (variants of Fig. 1), in which the high–
temperature pH curves are involved. (These pH curves will correspond to the 
boric acid / potassium ratio at the real coolant temperature).   

 
Examples of the second way are showed in followed Figs. 8-10 in which pH curves at 
300oC, 285oC and 275oC respectively are involved. 
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FIG. 8. pH-boron curves at 300oC. 
 

 
 
 
FIG. 9. pH-boron curves at 285oC. 
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FIG. 10. pH-boron curves at 275oC. 
 
The practice of Kozloduy NPP experiences that the reactor operation with 50% power 
is not exception. This is illustrated with Fig.11 and Fig. 12, representing the power 
changes during two different cycles. 
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Fig. 11. Power changes during one of the cycles. 
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Fig. 12. Power changes during one of the cycles. 
 
 
Above mentioned situations show the real necessity for the checking of the coolant 
temperatures and corresponding changes of pH values at this temperature, by 
measured boric acid / potassium concentrations in accordance with respective power 
changes. 
  
Conclusion to the Part 2 
 
The practice of Kozloduy NPP experiences that the reactor long time operation with 
50% power is not an exception. As a consequence, decrease of both inlet coolant 
temperature to 260oC and outlet coolant temperature to 273oC is observed.  
 
By these conditions the real coolant’s high-temperature pH-values decrease with 0.3 – 
0.4 pH–units in comparison with the pH-values corresponding to the coolant’s 
temperature at 100% power.  
 
These lower coolant’s pH-values should cause the intensification of the primary 
circuit’s stainless surfaces corrosion processes and also the increase of the corrosion 
product concentrations in coolant. This will accelerate the activity build-up on the 
circuit’s surfaces. 
 
The above mentioned situations require that plant operators should not ignore the real 
high-temperature pH-values corresponding to the different reactor operation 
conditions. Therefore it is not enough the staff’s obligation to keep the required  
boric acid / potassium ratio, following fig.2, which is developed for a reference 
average coolant’s temperature 285oC (according to the water chemistry guidelines 
involved in Kozloduy NPP since year 2000).  
 
This is the reason, which allows the recommendation, that plant staff should be 
obligated to pay attention to the real coolant’s temperature, respectively to the real 
high-temperature pH-values corresponding to the different reactor operation 
conditions.  
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3. HIDE-OUT RETURN AND HIDE-OUT IN KOZLODUY NPP - VVER–
1000 STEAM GENERATORS BY TRANSIENT CONDITIONS DURING 
OPERATION PERIODS 

 
 

3.1. Introduction 
It is generally known that concentrations of definite salts (ions) in the steam 
generators water considerably decrease by start-up operation (Hide – out effect) and 
by shut - down they increase again (Hide-out return). These phenomena were 
observed in both NPP’s with PWR and VVER-1000 steam generators, independently 
from the significant differences between them: the steam generators in VVER-1000 
are horizontal type with tubes, hot - and cold- collectors, stainless steel manufactured. 
Each VVER-1000 Unit has four steam generators.   

Аs distinct from the experience of some USA (1) and Korean (2) PWR NPPs, 
showing that by transient conditions during operation periods, both Hide-out-return 
and Hide-out effects are not definitely observed, the praxis of Kozloduy NPP VVER-
1000 shown that by some transients conditions the salts (ions) concentrations in the 
steam generators blowdown water remarkably increase (by power decreasing) and 
they decrease by next power increasing. This was the reason for the special attention 
we paid to the observed changes of the concentrations of definite ions in the steam 
generators blowdown water by transient conditions during operation periods in 
VVER-1000 NPP Kozloduy. The obtained data, treated as Hide-out return and Hide-
out phenomena, from four operation cycles (two cycles of Unit 5 and two cycles of 
Unit 6) during period 2001, 2002, 2003 years are object of the present study. (It is 
necessary to underlined that all these changes of the unit’s power was not preliminary 
planned for the objectives of the Hide-out return and Hide-out phenomena study).   

3.2. Experimental 

The changes of the unit’s power for the above mentioned cycles are shown in Figs. 
13-14 and Figs. 15-16 for Unit 5 and Unit 6, respectively. 
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FIG.13. Power changes during IX cycle, Unit 5. 

 
 
 

 

 
 

 
Fig. 14. Power changes during X cycle, Unit 5. 
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Fig. 15.  Power changes during VII cycle, Unit 6. 
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Fig. 16. Power changes during VIII cycle, Unit 6. 
 
 

The power changes figures (Fig. 13-16) show that the main trend is the unit’s 
operation by practically possible limitation of transient condition cases during 
operation periods. Nevertheless, Fig.1 shows that the unit’s power was changed 
(decreased) with 20%, 30% and even 50%.  The unit’s power was increased again 
after short or longer time period. These operation periods with well expressed power 
changes (Fig. 13-16) were selected. These were the periods in which Hide-out return 
phenomenon observation were expected. In all of these cases of power changes the 
ions concentrations in blowdown water for all four steam generators of a unit were 
followed. The data expression for each of these steam generators is realized, using the 
next symbols: 

5YB10W01  marks: Unit 5, Steam generator 1 
5YB20W01 – Unit 5, Steam generator 2 
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5YB30W01 – Unit 5, Steam generator 3 
5YB40W01 – Unit 5, Steam generator 4 

 
6YB10W01 – Unit 6, Steam generator 1 
6YB20W01 – Unit 6, Steam generator 2 
6YB30W01 – Unit 6, Steam generator 3 
6YB40W01 – Unit 6, Steam generator 4 

 

The concentrations of Mg2+, Ca2+, Na+ - cations and Cl-, SO4
2- anions in steam 

generator’s blowdown water were objects of study.  

The data of the changes of Mg2+ ions concentration in blowdown water by power 
decreasing and by next power increasing are presented for each unit’s steam generator 
in Fig. 17-20.  
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Fig. 17.  Unit 5, IX cycle, steam generators 1, 2, 3, 4. Changes of Mg2+ ions 
concentration in blowdown water by power changes. 
 
 
 
 

 
 
 
Fig. 18.  Unit 6, VIII cycle, steam generators 1, 2, 3, 4. Changes of Mg2+ ions 
concentration in blowdown water by power changes. 
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Fig.  19.  Unit 5,  IX cycle, steam generators 1, 2, 3, 4. Changes of Mg2+ ions 
concentration in blowdown water by power changes. 
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Fig. 20.  Unit 5,  IX cycle, steam generators 1, 2, 3, 4. Changes of Mg2+ ions 
concentration in blowdown water by power changes. 
 

The data in these figures (Figs. 16-20) show that the changes of Mg2+ ions 
concentration in blowdown water are reliable and correct indicators of the Hide-out 
return and Hide-out effects by transient conditions during operation periods.  

The data of the changes of SO4
2- ions concentration in blowdown water by power 

decreasing and by next power increasing are presented for each unit’s steam generator 
in Figs. 21 and 22.  
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Fig. 21.  Unit 6, VIII cycle, steam generators 1, 2, 3, 4. Changes of SO4

2- ions 
concentration in blowdown water by power changes. 
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Fig. 22.  Unit 5, IX cycle, steam generators 1, 2, 3, 4. Changes of SO4

2- ions 
concentration in blowdown water by power changes. 

 
The data of the changes of Ca2+ ions concentration in blowdown water by 

power decreasing and by next power increasing are presented for each unit’s steam 
generator in Fig. 23 and 24. 
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Fig. 23.  Unit 6, VIII cycle, steam generators 1, 2, 3, 4. Changes of Ca2+ ions 
concentration in blowdown water by power changes. 
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Fig. 24.  Unit 5, IX cycle, steam generators 1, 2, 3, 4. Changes of Ca2+ ions 
concentration in blowdown water by power changes. 

 

 
From above presented figures showing changes of SO4

2- ion concentrations and Ca2+ 
ion concentrations in steam generators blowdown water by transient conditions, is 
clear that the Ca2+  and  SO4 

2-ions behavior generally follow the trend showed by 
Mg2+  ions. There are some exceptions: for example the behaviour of Ca2+ ion in 
blowdown water in some of the steam generators (Fig. 24); the behaviour of SO4 

2- ion 
in blowdown water in some of the steam generators (Fig. 22). In these cases the Hide-
out return and Hide-out effects of Ca2+  and  SO4 

2- ions are not definitely 
demonstrated.  
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The data of the changes of Na+ and Cl- ion concentrations in blowdown water by 
power decreasing and by next power increasing are presented for each unit’s steam 
generator in Fig. 25 and 26 respectively.  

 

Fig. 25.  Unit 5, IX cycle, steam generators 1, 2, 3, 4. Changes of Na+ ions 

concentration in blowdown water by power changes. 
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Fig. 26.  Unit 5, IX cycle, steam generators 1, 2, 3, 4. Changes of Cl- ions 
concentration in blowdown water by power changes. 

 

The changes in power during transition conditions are always accompanied by a 
change of Na+  and Cl- ion concentrations but often this change is in reverse order: by 
power decreasing the concentrations of Na+  and Cl- decrease and by the next 
increasing of the power the concentrations of these ions increase. This fact is possible 
to be interpreted as consequence of the specific features of the water balance in steam 
generator during real transient conditions. 
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3.3. Summarizing, Conclusions, Recommendations for Part 3 

The NPP Kozloduy VVER-1000 Units experience shows that both Hide-out return 
and Hide-out phenomena attend steam generators exploitation not only by start-up 
and shut down but also by transient conditions during operation periods, when the 
power changes are more than 20%.    

The obtained data shows undoubtedly that in Hide-out return and Hide-out processes 
all ions in steam generator water take part, but Mg2+, SO4 

2- and Ca2+ ions participation 
in Hide-out return by transient conditions during operation periods is definitely 
expressed. Especially Mg2+ ions concentration increases with Unit’s power 
decreasing, and the maximum concentration’s values are achieved exactly by the 
maximum of the power decrease. This is the reason the Mg2+ ions concentration 
change to be treated as the best indicator of the Hide - out return and Hide-out effects 
by transient conditions. 

The Cl- and Na+ ions often show non-typical Hide-out return behaviour: by power 
decreasing the concentrations of Na+ and Cl- decrease and by the next increasing of 
the power the concentrations of these ions increase. 

The concentration of hidden-out ions is remarkably high when power reduction is 
around 40-50%.  By these circumstances is reasonable to use the Hide-out return 
effect for the removing the part of ions from steam generator volume through 
appropriate blowdown process.  

Above mentioned summarizing allows to recommend to involve in operational control 
practice monitoring of Hide-out return effects by transient conditions during operation 
periods, in addition to the conventional Hide-out return control by shut down.  
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ABSTRACT 

An investigation on the feature of electrochemical potential noise and electrochemical current 
noise of iron wire pitting corrosion is carried out in certain inhibitor aqueous solution with 3% 
sodium chloride at ambient temperature, and electrochemical noise of 18-8 stainless steel stress 
corrosion cracking is researched in deaerated and boiling 42% magnesium chloride at 143℃. The 
cell is placed in a shielding box to avoid the interference of outside electricity and magnet. When 
the pitting and stress corrosion cracking occur, the electrochemical potential noise and current 
noise are measured with a dense wave, and the sign of electrochemical noise is very strong. 
KEY WORDS: on-line monitoring   electrochemical noise   pitting corrosion   stress 
corrosion cracking    
 
1. INTRODUCTION 

Stochastic fluctuations of the corrosion potential and the corrosion current 
spontaneously generated by the materials corrosion reactions are electrochemical 
noise[1], it includes potential noise and current noise. Electrochemical noise is unique 
among all electrochemical techniques used in corrosion research since no external 
signal needs to be applied for the collection of experment data[2]. The 
electrochemical potential noise and current noise are usually generated from a 
localized corrosion of electrode of materials, so it is a suitable technique for detecting 
the initiation of localized corrosion and on-line monitoring process of localized 
corrosion in qualitative manner[3]. Potential noise is typically measured as the 
fluctuation in the potential difference between a working electrode and a reference 
electrode or between two nominally identical working electrodes. Current noise is 
most commonly measured as the galvanic current flowing two nominally identical 
electrodes[4], although several investigateors were successful in monitoring the 
electrochemical noise of localized corrosion in recent years, so far no a perfect theory 
has emerged about the orgin and mechanism of the potential and current 
fluctuations[5,6,7,8]. Generally, the electrochemical noise has been analyzed by mean 
of the fast Fourior transform(FFT) and the maximum entropy methed(MEM). Most 
investigors researched the electrochemical current noise for the initiation and the 
propagation of pitting corrosion at constant potential[9,10,11], the other studied free 
corrosion potential fluctuation[12,13], it reduced self-instrument interfering. Loto and 
Cottis have researched stress corrosion cracking of the high strength aluminum(AA 
7075-T6 alloys) in 3.5% sodium chloride[14].  

The purpose of the works is to analyze the corrosion potential noise and the 
current noise generated in intiation or progress of pitting corrosion for iron and during 



propagation of stress corrosion cracking for 18-8 stainless steels, and expound the 
relationship between the potential noise or the current noise and the localized 
corrosion phenomenon, and determine if stress corrosion cracking has occurred by 
means of on-line monitoring the electrochemical noise in the process of materials 
corrosion. 
 
2.EXPERIMENTAL  
 
2.1 TEST MATERIALS AND SPECIMENS 

In this monitoring electrochemical noise of pitting corrosion experiment, the 
specimen material is a small iron wire mounted in epoxy according metallographic 
techniques, polished using 400-, 600-, 800-, and 1200-grit papers, then cleaned with 
distilled water and acetone, and dried. The test specimen area is about 0.2mm2 
exposed in the test solution. 

The specimen for monitoring process of stress corrosion cracking is a stick of 
18-8 stainless steels with diameter Ф1.5mm bent to 10 mm radius “U” tpye. Table 1 
shows the chemical composition of 18-8 stainless steels, the stress corrosion test is 
finished according to ASTM G36-73  
 

Table 1  Chemical composition(mass%) of 18-8 stainless steels 
C     Si     Mn     P     S      Ni        Cr         Fe 

<0.08  <1.00  <2.00  <0.040 <0.030  8.00/10.50 18.00-20.00  remainder 
 
2.2 TEST SOLUTION AND TEST TEMPERATURE 

The test of pitting corrosion of small iron wire for monitoring electrochemical is 
carried out in certain 10% inhibitor aqueous solution with 3% sodium chloride(NaCl) 
at ambient temperature(about 15℃). The test of stress corrosion cracking of 18-8 
stainless steels is explored in the deaerated and boiling 42 mass% magnesium chloride 
(MgCl2) aqueous solution at 143℃. 

 

2.3 TEST APPARATUS 
The electrochemical cell configuration and reference electrode are designed to 

present a lower impedance source and to be not disturbed by outside electrical sign to 
detection circuity, the test cell are put in an electromagnetic shielding box. The box 
can be protected to avoid the interference of mechanical vibrations. The 
measurements of electrochemical noise are carried out with an special apparatus. 
Figure 1 shows the flow diagram of the experiment apparatus of monitoring the 
electrochemical noise during initiation and propagation of pitting corrosion and stress 
corrosion cracking. The electrochemical potential noise and current noise can be 
measured by Solartron 1287A electrochemical interface which used as a 
zero-resistance ampere meter(accuracy: 1pA) and high resistance digital voltage 
meter(accuracy: 1μV), the record rate for potential signal and current signal is 1 
point/second, the record time of electrochemical noise is 6000 seconds. The 



experiment can be controlled and analyzed by microcomputer, by means of a special 
software developed. 
 

 Control 
 Gather data 

 
Test cell 

 

Potential and current 
measurement system 

 

 
Mircomputer 

 
Fig.1 The flow diagram of the experiment of monitoring electrochemical noise 
 

2.4 EXPERIMENTAL PROCESS 
The reference electrode is platium wire, the counting electrode is a big platium 

ring. Before NaCl is added into inhibitor aqueous solutions, the recorded 
electrochemical noise(potential noise and current noise)is original noise without any 
high peak. When NaCl concentration put in the test solution is below the critical, the 
electrochemical noise sign detected does not change obviously. Then NaCl 
concentration added into the test solution is up to certain a value, the electrochemical 
potential and current recorded arise soon, and the very small pits are formed in the test 
specimens.  

The other test is to measure and analyze the electrochemical corrosion current 
noise generated during initiation and propagation of stress corrosion cracking of 18-8 
stainless steels, and expound the relationship between the electrochemical noise and 
the phenomenon of the stress corrosion cracking, then determine if stress corrosion 
cracking has occurred by means of on–line monitoring the electrochemical noise in 
the process of localized corrosion of the materials. The counting electrode is a 
cylindrical platinum. The specimen of 18-8 stainless steels used measureing the 
electrochemical noise of stress corrosion cracking is bent to “U” tpye and 10 mm 
radius, then cleaned with acetone, the bent part of the test samples is exposed in the 
given solution, the remainder is masked with a teflon belt to avoid the entry of the test 
aqueous solution. spcimens of 18-8 stainless steels is put in the electrochemical cell, 
then this cell is placed in an electromagnetic shielding box as well as some protection 
to avoid the interference of outside electricity, magnet and mechanical vibrations. 
When stress corrosion cracking occurred, the electrochemical current arises fast, the 
electrochemical current noise monitored is a dense wave, and the sign is very strong. 
The test specimens of iron and 18-8 stainless steels are analyzed under scanning 
electron microscope (SEM) after the test. 
 
3 RESULTS AND DISCUSSION 
 
3.1 PITTING CORROSION 

The recorded noise results on pitting corrosion are shown Figure 2 and Figure 3. 
When the concentration of chloride ion is below the critical concentration to induce 
pitting corrosion for iron wire, the electrochemical noise signal detected is weaker and 
steady. As the concentration of chloride ion is high enough to cause pitting corrosion 
for iron, so it is shown the electrochemical noise is sensitive to on-line monitoring the 



pitting corrosion of materials. 
 

 
Fig.2 The electrochemical potential noise of iron in the solution 

 of 3% NaCl with 10% inhibitor at ambient teperature 

 
 

             
Fig.3 The current noise of pitting corrosion of iron in 3% NaCl  

aqueous solution with inhibitor at ambient temperature 
 
 

When pitting corrosion for iron occurred, the electrochemical potential peaks in 
the monitored noise drift toward negative direction. After some time, the 
electrochemical potential noise signals become weak. So the electrochemical noise 
has relations with the alternate changes of passive and active process. When the 
pitting holes are formed, the positive resolution in holes are primary, and 
electrochemical noise dropped, the peak wave of the electrochemical noise will  
change lower.When the other new pitting hole nucleus are formed,the peak wave for 
electrochemical noise emerges. It is indicated that the passivation is not steady, and 
the localized corrosion can appear. The peaks of the electrochemical current noise are 
very obvious. 



After the test of pitting corrosion has been finished, some small pitting holes in 
the test sample can be observed with SEM. Figure 4 is the micro-photograph 
amplified (×4500) of pitting corrosion holes for iron wire in a certain inhibitor 
solution with 3% sodium chloride. It is shown that electrochemical noise is strong, 
when the initiation of pitting corrosion begins. 

 

 
 

Fig.4 The SEM photograph of pitting corrosion of iron in 3% NaCl  
aqueous solution with inhibitor at ambent temperature 

 
 

             

Fig.5 The electrochemical noise current decaying curve partly 
 amplified for iron wire in 3% NaCl aqueous solution 

Figure 5 is a current peak amplified from the current noise signal of Figure 3. In 
this electrochemical current peak, the current arises fast in the electrochemical current 
peaks, and increases linearly. When it arrives the top, the current drop rate is slower 
than it’s ascending rate.,and not line. This pitting corrosion process is similar to Cao 



chunan’ results[15].  
 

3.2 STRESS CORROSION CRACKING OF 18-8 STAINLEESS STEELS 
The on-line monitoring of the electrochemical current noise for the stress 

corrosion cracking of 18-8 stainless steels is carried out in deacrated and boiling 42 
mass% magnesium chloride aqueous solution at 143℃. The current noise is recorded 
used zero-resistance ampere meter(ZRA), and the output is finished through computer. 
In order to protect the electrochemical cell against other signal disturbance, it was 
shielded During whole test process. The current noise amplified is similar to Figure 5. 
After the test is accomplished, there are a lot of pitting corrosion holes and cracks, its 
photograph is shown in Figure 7. 
 

               

Fig.6 The electrochemical current noise recorded for 18-8ss 
 in boiling 42% MgCl2 solution at 143℃ 

 

 

 

Fig.7 The SEM photograph of Stress corrosion cracking of  
18-8ss in boiling 42% MgCl2 solution at 143℃ 

 
4 CONCLUSIONS 



The test results are shown the electrochemical noise is a good method for on-line 
monitoring localized corrosion. When pitting corosion and stress corrosion cracking 
occurred, the electrochemical noise sign becomes obviously strong. For simple 
current-time noise, the current increment and current decay are not twinking. The 
current ascending is line, and current decay is not line.To apply the electrochemical 
noise technique to on-line monitor localized corrosion of nuclear installation, it is 
necessary to further investigate rule of localized corrosion. 
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Electrochemical Noise

Staochastic Fluctuations the 
corrosion potential and the 
corrosion current spontaneously 
generated by the materials corrosion 
reactions are electrochemical noise 

Electrochemical noise includes 
potential noise and current noise



Corrosion of reinforcing bar in croncrete

Stress corrosion cracking

Pitting corrosion

Inhibitor

Coating

Research projects



Experiment arrangement

Flow diagram of the experiment

Test Cell Potential and current 
mesurement system Computer

Control

Gather data



Requirement 

Electrochemical cell 
Shield to avoid interference of eletricity
and magnet
Measurement instrument

A very  small current and  potential  can 
be monitored



Experiment installation

Electrochemical cell 
To put the cell in an eletromagnetic
shielding box to avoid interference of 
outside electricity, magnet and 
mechanical vibrations
Measurement instrument

Solartron 1287A electrochemical 
interface used as a zero-resistance 
ampere meter (1pA) and high resistance 
digital voltage meter(1µV)



Materials and specimens

The material of pitting corrosion is a small 
iron wire specimen  mounted in epoxy

18-8 stainless steels for monitoring stress 
corrosion cracking 
chemical composition
C (<0.08)                Si(<1.00 )          Mn( <2.00)   
P (<0.040)              S (<0.030)        Ni (8.00/10.50)   
Cr (18.00-20.00)    Fe (remainder)
specimens is bent to “U” type with 10mm 
radius



Test solution and temperature

Pitting corrosion
Certain inhibitor aqueous solution with 
3% sodium chloride at ambient 
temperature

Stress corrosion cracking
Deaerated and boiling 42%magnesium 

chloride at 143 ℃



P-noise of Fe pitting 



I-noise of Fe pitting



SEM of Fe pitting



Single noise peak



P-noise record of SCC



SEM of 18-8ss SCC



Conclusions

The electrochemical noise is a good and 
sensitive method for on-line monitoring 
localized corrosion
The electrochemical noise sign is strong 

when pitting corrosion and sress corrosion 
cracking occure
The electrochemical noise sign become 

strong in process of propagation of stress 
corrosion cracking
The current ascending is line, and current 

decay is not line 
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1. Introduction

1.1 current research situation

1.2 purpose of our test task

22



2.experimental

2.1 Pitting
316 ss;  Ф1.2mm ; 3.5%NaCl; 

room temperature
2.2 Stress corrosion

316ss; “U” type ; 42% MgCl2 ;
boiling at 143℃
316ss; standard single tensile Specimen ;
10mg/kg Cl- (NaCl);260 ℃

33



Chemical composition (mass%) of 316 stainless steel

C                Si           Mn         P            S
0.065-0.072   0.067       1.82    0.0225    0.0025 

Ni       Cr       Mo        Ti          Co        Fe 
13.80  18.03   2.33  0.59-0.67   0.04  remainder

44



Test apparatus

Test
cell

Potential and 
Current 
measurement 
system

Control
ComputerGather 

data  

55



The macroscopic shape of standard single tensile Specimen

66



3. Results and discussion

3.1 the pitting corrosion of 316 stainless        
steel in the 3.5%NaCl aqueous solution

77



electrochemical potential noise of pitting corrosion
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The potential and current noise of pitting corrosion
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the amplified part chart
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The SEM photograph of pitting corrosion

1111



3. Results and discussion

3.2 the stress corrosion cracking of 
316 stainless steel in boiling 42%      
magnesium chloride aqueous solution
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the electrochemical noise of 316 stainless steel  
in the 42%MgCl2 in the process of the heating
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the electrochemical noise of 316 stainless steel
in the boiling 42%MgCl2 solution
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The potential and current noise amplified of stress corrosion 
of 316 stainless steel in the boiling 42%MgCl2 solution
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the surface appearance of 316 stainless steel wire after 
testing in the 42% MgCl2 at 143℃

1616



the fracture appearance of 316 stainless steel wire 
after testing in the 42% MgCl2 at 143℃
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3. Results and discussion

3.3 the stress corrosion cracking of 316  
stainless steel in 10mg/kg chloride ion     
aqueous solution at 260℃
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Stress-strain curve of 316ss in 10mg/kg Cl- at 260℃
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the electrochemical noise of 316 stainless steel in 10mg/kg 
chloride ion during the heating process
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the electrochemical noise of 316 stainless steel in 10mg/kg  
chloride ion during the tensile process
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electrochemical noise of 316 stainless steel in 10mg/kg 
chloride ion during the cracking process
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electrochemical potential noise partly amplified
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the corresponding electrochemical current noise
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SEM photograph of cracking surface
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the electrochemical noise of 316 stainless steel 
when no stress corrosion cracking occurs
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4. Conclusions

The electrochemical noise is a good approach for on-
line monitoring localized corrosion. The 
electrochemical noise signal forms obviously strong 
peaks when pitting corrosion and stress corrosion 
occur. 

The electrochemical noise used to monitor the 
initiation and propagation of pitting corrosion and 
stress corrosion is possible and sensitive. 

The appearance of test specimen observed under the 
SEM is in good accord with the chart of the 
electrochemical potential and current noise recorded.

2727



Thanks!

2828



On-line Chemistry Monitoring and Diagnostics Using SMART ChemWorks 
 

 
Tina Gaudreau 
EPRIsolutions 

3412 Hillview Avenue 
Palo Alto, CA 94303 

 
 
In 1999 EPRI began using its SMART ChemWorks system for real-time monitoring and 
diagnostics in nuclear power plants. To date there are about 100 plant years of experience 
with this system.  
 
The SMART ChemWorks system includes an integrated plant chemistry simulator and 
the output from this simulation is used in several interesting applications. The system 
automatically monitors and evaluates plant chemistry data in real time all the time. Users 
are notified of excursions, sensor problems and chemistry changes via email, pagers and 
web page alerts. 
 
This paper will discuss the implementation of this system, integration with chemistry and 
other plant monitors and how the use of this intelligent system is helping nuclear plants in 
the United States leverage the greatest amount of information about the condition of the 
plant from the minimum number of installed monitors. 
 
SMART ChemWorks Design 
 
This system integrates ChemWorks, EPRI’s successful family of chemistry codes with a 
plant’s chemistry data management system  (CDMS) and a real-time intelligence engine.   
SMART ChemWorks performs virtual sensing, identifies normal and upset conditions, 
and evaluates the consistency of on-line monitor and grab sample readings.  The system 
also performs diagnostics to identify the cause of chemistry upsets using a “virtual 
fingerprinting” technique. SMART ChemWorks uses a patented technology that employs 
plant-specific data, analytical and artificial intelligence models to determine the chemical 
state of the steam cycle. The objective of SMART ChemWorks is to monitor chemistry 7 
days per week/24 hours per day with minimal utility resources. 
 
The ChemWorks modules  (PWR and BWR chemistry simulators) are core components 
in the model-based SMART ChemWorks system.  The simulators are deterministic 
models that describe material balance constraints, multi-component equilibrium and 
kinetic processes throughout the steam cycle. Custom setup of the simulator requires a 
detailed description of the piping components in the system, including fluid flow and 
thermal conditions as well as all major interconnections between piping systems.  
SMART ChemWorks runs the simulators continuously using automatic data feed via 
integration with plant data collection systems or with monitors directly. The SMART 
ChemWorks intelligence engine performs real-time calculations using the chemistry data 
and the simulator.  The combination of over specified data input to the simulator and 



pattern recognition techniques permits continuous screening of incoming data and 
diagnosis of abnormal chemistry conditions with a higher degree of certainty than is 
possible using traditional heuristic rule-based approaches. The system can also replace 
costly monitors with simulator-based ‘virtual sensors’. 
 
SMART ChemWorks Operation 
 
The SMART ChemWorks system requires sophisticated setup for each individual plant. 
The SMART ChemWorks process begins with plant data collection as shown in Figure 1.  
The incoming data is evaluated for inconsistencies. Bad monitors are identified and data 
from bad sensors is removed from further consideration. Data that has become outdated is 
given less importance than newer data for the purpose of diagnosing the system. 
 

Figure 1 SMART chemWORKS Data Process 
 

 
The filtered data is then used to perform several calculations.  This calculated data are 
called a “virtual sensors.” In addition to virtual sensing, system monitoring and 
diagnostics are continually performed to determine the state of the plant. The incoming 
data are continually evaluated using pattern recognition techniques to determine if the 
plant is running in the normal mode. If a chemistry upset does occur, this evaluation 
process will search a library of  ‘fingerprints’ of known upset scenarios to determine what 
type of condition is most likely causing the abnormal chemistry. 
      
Remote Monitoring Capability Using Internet/Intranet 
 
To minimize utility support requirements, the system has been built for remote operation 
via the Internet or it can be installed on a utility’s Intranet.  EPRI has built a state of the 
art server facility for these critical applications. Centralized hosting of this application 
reduces installation and maintenance costs. Client access to the system is through secure 
web pages, maximizing its portability. Output from the system takes several forms. The 
intelligence engine provides an output file that can be interpreted by a web page module. 
The web page displays information such as the current conditions, the incoming data, 
virtual sensor data, scenario fit trends, and status of statistical tests. Data from the output 



file may also be interpreted and stored by other programs, such as the plant information 
system. The web pages also allow any incoming measured or SMART ChemWorks 
calculated parameter to be trended. 
 
SMART ChemWorks has been equipped with instant notification capabilities.  Pager and 
email features can be configured to notify utility personnel when a significant change to 
system chemistry occurs. Alerts can be triggered on individual measurement parameters 
(e.g. when a measurement exceed an administrative or action level) or on the scenario 
fingerprint match. An interesting feature of this system is that virtual sensors or 
calculated values may also be used to produce alerts. For instance, it is possible to receive 
an alert if the Crack Growth Rate increases in a BWR, even though there are no actual 
crack growth rate monitors installed. 
 
One interesting benefit to the remote hosted, web-based interface is that training on the 
use of the system is virtually unnecessary. As navigation through web pages becomes 
more and more standardized, navigation through this sophisticated system becomes 
intuitive. 
 
Virtual Sensor Calculations 
 
Over the past few years, many calculational features have been added to the SCW 
program. These all take the form of producing additional outputs, which are called 
Virtual Sensors. Once calculated, these values are treated throughout the system the same 
as measured data. For example, they can be produce alerts, and they can be trended and 
viewed just as if they were actually measured. These calculations fall into several 
categories.  
 
One group of outputs rely on automatically running a full steam cycle chemistry 
simulator with the measured data used as the known inputs. This results in available 
outputs for conductivities and low and high temperature pH values at all locations around 
the steam cycle. The simulation runs can also output conditions related to crevice 
chemistry predictions, for example the hideout rate of each species is available versus 
time. Additional locations can be configured to simulate crevices that might exist at 
various concentration factors in the steam generator. At these simulated locations, the 
code outputs the predicted concentrations of each species and the resultant high 
temperature pH of the concentrated solutions. 
 
An alternative approach to understanding and controlling crevice chemistry is Molar 
Ratio control. In this concept, simply controlling the ratio of cations to anions is one way 
of estimating the likelihood of experiencing either acidic or caustic local conditions. 
Several plants have set target values for their ‘molar ratio’ and some plants actively add 
chloride to control this ratio. The SMART ChemWorks system has built in the 
calculation of Molar Ratio as a virtual sensor. 
 
 



Another set of calculations is performed to identify primary to secondary leak rates based 
on EPRI’s Primary to Secondary Leak Calculator, which makes use of concentrations of 
isotopes in the primary and secondary systems. These calculated leak rates are then 
trended and used for alerting appropriate personnel when leakage exceeds recommended 
limits. 
 
For BWRs one of the virtual sensor outputs is Crack Growth Rate. This calculation, 
based upon the EPRI BWR Chemistry Guidelines, uses as input measured conductivity 
and impurity calculations and a measured or estimated ECP value to calculate an 
estimated crack growth rate. These values can then be trended against other plant 
operation parameters to gain insight into minimization of crack growth rates. 
 
To better monitor PWR primary systems pH control, the EPRI Primary pH Calculator has 
been added to SMART ChemWorks. This tool is used in two ways. Prior to the start of an 
operating cycle, the tool outputs the relevant boron/lithium pairs necessary to achieve a 
desired pH control scheme. During operation, boron and lithium measured values are 
used as input to a calculation to determine the at temperature pH. This at temperature pH 
then is used as another virtual sensor. One web-page continually updates the measured 
and calculated parameters and compares them to the planned control band during the 
cycle. Alerts can also be set for the high temperature pH indication to help a plant 
maintain tight pH control that has been shown to be beneficial. 
 
The latest calculation added to SMART ChemWorks is to evaluate Integrated Exposure 
(IE). Integrated Exposure is a concept promoted in the current revision of the EPRI PWR 
Secondary Chemistry Guidelines. The concept behind IE is that the amount of impurities 
hiding out in a steam generator crevice is proportional to the bulk steam generator 
concentration for each impurity and the amount of time the generator is exposed to that 
impurity. The IE calculation results in an output of ppb-days for each species. This value 
can then be compared to a reference or limiting condition. 
 
Summary 
This platform for performing basic monitoring and the continual addition of sophisticated 
calculations has resulted in a good method for plants to painlessly implement new 
concepts and monitoring techniques as they are introduced by the industry. The SCW 
system is now being expanded to monitoring other parts of the plant. New technologies, 
such as low level waste tracking are now being implemented. 
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Overview

• SMART ChemWorks is a web based, real-time 
chemistry monitoring and diagnostic system

• The system integrates several EPRI chemistry 
programs and chemistry control concepts

• Technology allows for a great deal of data 
digestion to occur automatically so that the 
human effort can be targeted where it is needed 
most

• About 100 plant-years of monitoring to date



System Concept



Evolution

• Initial technology modules included a pattern-
matching diagnostic approach for steam cycle 
chemistry for PWRs and BWRs

• Other modules have been added based on user need 
and they include:
– Primary Chemistry and pH monitoring
– Primary to Secondary Leak Analysis
– Crevice Chemistry Analysis tools
– BWR Crack Growth Rate Assessment
– Low Level Waste Process Tracking



Basic Monitoring

• Data is fed to the system in near-real time as it is 
collected from instruments or entered based on 
grab analysis

• System scans data for alarms, trends or bad 
instruments and issues alerts and emails as 
appropriate

• All system data is accessible and can be viewed 
and trended over the internet (with the right 
security passwords)



Virtual Sensors

• A central concept to this system is virtual 
sensors, this is where some values are 
calculated based on other input in place of actual 
plant instrumentation

• For Example:
– A steam cycle chemistry simulator & MULTEQ 

are used to produce calculated at temperature 
pH in concentrated environments in a steam 
generator



Crevice Chemistry Control

• EPRI has initiated several concepts for predicting 
crevice chemistry or defining methods for controlling 
chemistry that increase the likelihood of neutral 
crevice environments

• CrevSim introduced the concept that the hideout of 
species is proportional to the SG Bulk concentration 
and time

• Molar Ratio control to evaluate and adjust the relative 
amounts of cations and anions

• Integrated Exposure comparisons to evaluate control 
the total crevice impurity loading 









Integrated Exposure Example
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BWR Crack Growth Rate

• One of the primary purposes for chemistry 
control in BWRs is to minimize cracking

• EPRI has developed algorithms to estimate 
crack growth rate based on environmental 
and material factors

• The SCW system has been programmed to 
output estimated CGR based on real time 
chemistry input, this calculated value can then 
be used as a trending point or alarm 
indication





1.46E-09

1.48E-09

1.50E-09

1.52E-09

1.54E-09

1.56E-09

1.58E-09

1.60E-09

1.62E-09

11/14/2002
14:24

11/14/2002
19:12

11/15/2002
0:00

11/15/2002
4:48

11/15/2002
9:36

11/15/2002
14:24

11/15/2002
19:12

11/16/2002
0:00

RX-CGR



PWR Primary Chemistry

• In addition to tracking each parameter 
individually

• EPRI pH Calculator is built in
– Allows for determination of appropriate Boron / 

Lithium control limits
– Calculates at Temperature pH in real time
– Plots actual control versus planned control





Primary to Secondary Leak Tracking

• EPRI Primary to Secondary Leak calculator is 
built in:
– Calculates leakage based on primary and 

secondary isotopes and plant data
– Compares calculated and measured leak 

rates to limits
– Provides appropriate guidelines text at 

different action levels





Low Level Waste Process Tracking

• The EPRI FastTrack program has been 
integrated with SCW

• Data from several plant systems is fed to the 
SCW database

• The FastTrack program retrieves the data over a 
time period and assesses the process



Summary

• A monitoring platform has been implemented 
which allows automation of new concepts, even 
where sophisticated calculations are made or 
models are run

• Web based design allows easy updating and 
access to not only data, but information as well

• Automated calculations and alerting allows for 
better use of plant personnel time and expertise

• These types of systems are robust and can be 
operated with high reliability



A Practical View of SMART ChemWorks™, an Online Diagnostic 
Monitoring System, After 150 Plant Years of Experience 
 
Nikki Delse, Sam Choi, Tina Gaudreau, EPRIsolutions 
 
 
EPRI’s chemistry diagnostic tools have made 
significant advancements since the late 
1980’s.  Technology has progressed from 
stand-alone Fortran-based codes used to 
calculate the changing compositions of 
aqueous solutions in steam generator crevices 
(MULTEQ), to Windows-based chemistry 
models of the PWR and BWR steam cycles 
(Plant Chemistry Simulator 4.0), to complete 
remote online monitoring diagnostic systems 
(SMART ChemWorks™).  Within the 
SMART ChemWorks™ infrastructure, data 
transfer over the internet and methods of 
storing large volumes of data have proven to 
be robust and reliable.  While dependent on 
the accuracy of the data provided, the ability 
of the SMART ChemWorks™ to detect early 
warnings of plant chemistry events is 
dependable and valuable to the plant chemist. 
 
The combination of financial pressures on the 
electric utility industry in the United States 
and the aging of the skilled workforce is 
testing the ability of online monitoring 
diagnostic systems to not only monitor 
chemistry to identify large scale chemistry 
events, but to aid plant chemistry staff in 
reducing daily work loads and automating 
more diagnostic tasks.  Such systems need to 
be able to significantly increase the 
efficiency of plant chemistry personnel 
allowing them to focus attention on more 
vital tasks requiring high levels of skill and 
experience. 
 
INTRODUCTION 
 
The foundation of SMART ChemWorks is 
based on EPRI’s ChemWorks family of 
codes, specifically on MULTEQ and the 

Plant Chemistry Simulators.  SMART 
ChemWorks integrates a plant’s chemistry 
data management system (CDMS) and a real-
time intelligence engine to perform virtual 
sensing, identify normal and upset 
conditions, and evaluate the consistency of 
on-line monitor and grab sample readings.  
The system also performs diagnostics to 
identify the cause of chemistry upsets using a 
“virtual fingerprinting” technique.  SMART 
ChemWorks uses a patented technology that 
employs plant-specific data, analytical and 
artificial intelligence models to determine the 
chemical state of the steam cycle. The 
objective of SMART ChemWorks is to 
monitor chemistry 7 days per week/24 hours 
per day with minimal utility resources. 
 
The Plant Chemistry Simulator is the core 
component in the model-based SMART 
ChemWorks system.  The simulator is a 
deterministic model that describes material 
balance constraints, multi-component 
equilibrium and kinetic processes throughout 
the steam cycle. Custom setup of the 
simulator requires a detailed description of 
the piping components in the system, 
including fluid flow and thermal conditions 
as well as all major interconnections between 
piping systems.  SMART ChemWorks runs 
the simulators continuously using automatic 
data feed via integration with plant data 
collection systems or with monitors directly. 
The SMART ChemWorks intelligence 
engine performs real-time calculations using 
the chemistry data and the simulator.  The 
combination of over specified data input to 
the simulator and pattern recognition 
techniques permits continuous screening of 
incoming data and diagnosis of abnormal 



chemistry conditions with a higher degree of 
certainty than is possible using traditional 
heuristic rule-based approaches. 
 
SMART ChemWorks has proven capable of 
correctly identifying a number of abnormal 
chemistry conditions1,2, including those 
listed below: 

− Amine Loss  
− Amine Overfeed 
− Blowdown Flow Loss 
− Condenser Leaks 
− Hydrogen Loss 
− Hydrazine Loss 
− Hydrazine Increase 
− Resin Intrusion 
− Sodium Ingress 

 
The ability of the system to detect changes in 
chemistry conditions, combined with the 
alerting capabilities of SMART ChemWorks 
enables plant staff to keep aware of current 
plant chemistry without having to 
continuously monitor chemistry data.  Plant 
staff let SMART ChemWorks perform the 
continuous monitoring duties and are able to 
focus on other tasks while chemistry is 
normal. 
 
WORK DESTRUCTION 
 
As a result of the economic environment of 
the US power industry, plant personnel are 
experiencing a significant increase in the 
range and volume of tasks they are 
responsible for.  Many individuals have 
expressed their top challenge to be finding 
enough time to accomplish everything 
required of them.  Plants that use SMART 
ChemWorks are beginning to find an 
increasing number of ways to use the system 
to achieve work destruction, that is 
elimination of work by plant staff. 
 
In addition to the ability of SMART 
ChemWorks to continuously monitor 

chemistry data and alert plant staff to 
changing conditions, the system achieves 
work destruction by automatically verifying 
instrument data, identifying the need for 
instrument calibrations and eliminating 
unnecessary calibrations, and optimizing the 
number of grab samples taken. 
 
Automatic Verification of Data 
 
SMART ChemWorks can automatically 
verify instrument data through the calculation 
of ‘virtual sensors’.  The system continuously 
runs a full steam cycle chemistry simulator 
with measured data used as the known inputs. 
With measured data, such as impurity and 
chemical additive concentrations in locations 
such as the condenser or feedwater, virtual 
sensors are calculated in the rest of the steam 
cycle from which it may be difficult to obtain 
samples.  Virtual sensors encompass 
conductivities and low and high temperature 
pH values, in addition to impurity and 
chemical additive concentrations in locations 
such as feedwater, steam generator 
blowdown, blowdown demineralizer effluent, 
main steam lines, main steam reheater drains, 
heater drain tanks, condensate pump 
discharge, and condensate demineralizer 
effluent. 
 
By having SMART ChemWorks compare 
virtual sensor calculations with online 
instrument readings, plants can verify that 
instrument readings are correct or identify 
suspect results, such as an instrument that 
needs calibration or other maintenance.  For 
example, in the past one US plant performed 
theoretical calculations of ammonia, ETA, 
pH, and conductivity at feedwater, steam 
generator blowdown, and condensate to 
verify instrument readings.   
 
The plant studied the differences between the 
SMART ChemWorks’ virtual sensor 
calculations, the theoretical calculations they 



normally perform, and the instrument data for 
a period of a few months.  The results shown 
in Figures 1 through 3 illustrate an excellent 
agreement between the virtual sensors and 
theoretical calculations for pH, specific 
conductivity, and ammonia.  Virtual sensors 
calculated by SMART ChemWorks were by 
far within ten percent of theoretical values 
calculated by SysChem and the actual 
measured data. 
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Figure 1.  Comparison of pH calculations 
by SMART ChemWorks and SysChem to 
measured data 

Virtual sensors and measured data for ETA 
values in condensate and steam generator 
blowdown were also compared.  Figure 4 
shows an excellent agreement of virtual 
sensors with measured data in condensate; 
however, the SMART ChemWorks model of 
the plant at the time of the study had not been 
completely optimized for blowdown.  
Blowdown ETA values calculated by 
SMART ChemWorks were roughly 20% 
higher than measured data.  Since the study, 
the SMART ChemWorks model for this plant 
has been fine-tuned, with the results shown in 
Figure 5.  The model still needs further 
tuning, but with improvements made thus far, 
most virtual sensor calculations are within 
the ten percent boundary. 

 

Figure 2.  Comparison of conductivity 
calculations by SMART ChemWorks and 
SysChem to measured data 
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Figure 3.  Comparison of ammonia 
calculations by SMART ChemWorks and 
SysChem to measured data 
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Figure 4.  Comparison of ETA calculations 
by SMART ChemWorks to measured data 



Figure 5.  Improved ETA Virtual Sensors 
After the plant’s examination of SMART 
ChemWorks virtual sensors, plant staff 
determined that it would be possible to 
eliminate the weekly, manual calculations 
that were used to verify instrument data.  
Instead, personnel allow SMART 
ChemWorks to compare the virtual sensors 
with the measured data and have set up alerts 
to notify them when there is a discrepancy 
between a virtual sensor and measured data 
of greater than ten percent. 
 
Optimizing Instrument Calibrations 
 
Once the SMART ChemWorks model has 
been tuned and virtual sensors are in good 
agreement with measured data, more work 
destruction can take place.  In addition to 
eliminating theoretical calculations, 
comparisons of virtual sensors and measured 
data can also aid in eliminating unnecessary 
calibrations, extending calibration intervals, 
and identifying the need for calibrations.  
Because virtual sensors are based on actual 
data in a particular location in the plant, 
discrepancies between virtual sensors and 
measured data could mean one of three 
things:  1) measured data that the virtual 
sensor is based on is erroneous, 2) the 
measured data the virtual sensor is being 
compared with is erroneous, and 3) the 
SMART chemWorks model needs to be 
tuned. 
 
If the model has been tuned sufficiently in 
the past, there have not been any physical 
modifications to the plant, and it is operating 
normally, problems with the SMART 
ChemWorks model can be ruled out.  The 

next most frequent cause of discrepancy is a 
problem with the instrument measuring the 
data being compared to the virtual sensor.   
An instrument may need calibration, or may 
need other type of maintenance such as 
replacement of a cation column.  Instead of 
simply calibrating equipment on a set 
schedule, plants can use the SMART 
ChemWorks alerting feature to notify 
personnel when instruments may be in need 
of calibration.  By optimizing instrument 
calibrations and possibly extending the 
intervals between calibrations, the quality of 
the data is maintained but the time and 
materials needed for calibrations is reduced. 
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The third possible cause for a large difference 
between a virtual sensor and measured data is 
that the data the virtual sensor is based on is 
incorrect.  For example, the virtual sensor for 
steam generator blowdown ETA is based on 
FFW ETA measured data.  If the measured 
data input for FFW ETA is incorrect, the 
ETA virtual sensors throughout the cycle will 
also be incorrect.  When plant personnel are 
alerted to such erroneous data, they can then 
make the necessary changes to the chemistry 
database so that historical data records are 
accurate. 
 
Optimizing Grab Samples 
 
The last option to achieve work destruction 
described in this paper involves the 
optimization of grab samples.  Utilizing 
SMART ChemWorks’ diagnostic 
capabilities, plants have been able to reduce 
the number of grab samples they take on a 
routine basis.  At one plant, grab samples for 
sodium, chloride, and sulfate were taken 
weekly at steam generator blowdown, 
feedwater, main steam, heater drain tank, 
condensate, and condensate polisher effluent 
locations even though the EPRI PWR 
Secondary Chemistry Guidelines3 list those 
parameters as control parameters for steam 
generator blowdown only.  The parameters 



are also not included as diagnostic 
parameters. 
 
The plant decided to stop taking grab samples 
for sodium, chloride, and sulfate at all 
locations except for steam generator 
blowdown.  Since the samples at the other 
locations were usually less than detectable 
limits, collection of that type of data was not 
particularly useful.  Also, with SMART 
ChemWorks, the plant would be alerted to 
changes in chemistry conditions and could 
then respond by taking more grab samples to 
confirm the problem or rely on virtual 
sensors.  For example, if there was a 
condenser leak at the plant, SMART 
ChemWorks would identify the leak by the 
increased impurities and cation conductivity 
values in steam generator blowdown, without 
any measured data input from condensate 
locations.  The plant could then confirm the 
leak, if necessary, by taking grab samples 
from the condensate.  Or, if SMART 
ChemWorks identified a sodium ingress at 
the plant and personnel needed to know 
sodium concentrations in the main steam line, 
they could rely on sodium virtual sensors in 
the main steam lines. 
 
CONCLUSIONS 
 
After 150 plant years of experience in using 
SMART ChemWorks, the system has proven 
to be a reliable method of identifying the 
early signs of abnormal chemistry conditions.  
As we move into the future, online 
monitoring diagnostic systems will continue 
to improve the safe and smooth operation of 
nuclear power plants.   
 
In addition, plant personnel are also finding 
SMART ChemWorks to be a useful means to 
achieve work destruction, allowing them to 
eliminate tasks from personal workloads.  
Not only can SMART ChemWorks create 
more free time in the day for plant personnel 

to focus attention on more essential tasks, but 
it can also reduce expenses.  Through the 
optimization of sampling and calibration of 
instruments, plants will be able to reduce 
costs for related materials. 
 
 
 
                                                 
1 Gaudreau, T.M. Millet, P.J. Andreani, 
I.,”Implementation of a Real Time Water Chemistry 
Monitoring and Diagnostic System”, Water Chemistry 
of Nuclear Reactor Systems 8, BNES (2000), 236. 
2 Millet, P.J. Bates, J. Hussey, D. “The Application of 
Simulation and Diagnostic Systems to Water 
Treatment in Power Plants and Industrial Steam 
Cycles.” 
3 PWR Secondary Water Chemistry Guidelines – 
Revision 5, EPRI TR-102134-R5, May 2000. 
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SMART ChemWorks (SCW) Building Blocks
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SCW Main Functions

• Sophisticated pattern recognition continuously analyzes 
plant chemistry data and gives early warning of adverse 
chemistry conditions

• “Virtual Sensors” indicate the values of parameters 
(impurities, chemical additives, pH, conductivities) at 
different locations around the steam cycle

• Alerting function sends emails and/or pages to plant staff to 
notify them of changing conditions
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SCW Information Flow
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Scenario Identification

• SCW can identify many different scenarios including:
– Amine Loss
– Amine Overfeed
– Blowdown Flow Loss
– Condenser Leaks
– Hydrogen Loss
– Hydrazine Loss
– Hydrazine Increase
– Resin Intrusion
– Others

• Database of scenarios continues to grow
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SCW Gives Early Warnings 

• Chemistry Event at US Plant
– Sodium concentration started increasing at blowdown 

~5/12/2004 09:00 hours
– No changes were observed in blowdown cation 

conductivity levels
– Brief minimal increases of sodium levels were observed 

at feedwater and condensate
– Operating with a normal blowdown flow
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SCW Gives Early Warnings:  Initial Sodium 
Intrusions
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SCW Gives Early Warnings:  Initial Sodium 
Intrusions
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SCW Gives Early Warnings

• SCW’s first alert
– Issued ‘SG2 Na >0.75 ppb’ alert at 14:35 hours on 5/12

• SCW’s second alert
– Issued ‘SG1 Na >0.75 ppb’ alert at 14:52 hours on 5/12

• SCW Engineer Support
– Sent an Email to plant chemistry group regarding to the 

sodium ingress at 14:58 hours on 5/12
• Plant started increasing blowdown flow at 17:00 hours on 

5/12
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SCW Gives Early Warnings
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SCW Gives Early Warnings
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SCW Gives Early Warnings: Unidentified 
Sodium Intrusions

• SG sodium levels kept increasing although blowdown flow 
was increased significantly

• SCW issued ‘Small Condenser Leak’ alert at 19:38 hours 
on 5/12

• SCW issued ‘ETA-Loss’ alert at 22:46 hours on 5/12 
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SCW Gives Early Warnings:  Unidentified 
Sodium Intrusions
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SCW Gives Early Warnings: Unidentified 
Sodium Intrusions
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SCW Gives Early Warnings:  Unidentified 
Sodium Intrusions
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SCW Gives Early Warnings

• Sodium source identified
– Construction was cleaning the turbine building housing with a 

Baking Soda solution
– Rain rinsed sodium into condenser through air inleakage

• Scenario was not one that SCW was programmed to recognize, 
however:
– Plant was still alerted to high SG sodium levels in time to 

remedy situation slightly by increasing blowdown flow
– New sodium ingress scenario was added to database
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SCW Gives Early Warnings
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Improving Work Destruction

Work Destruction:  Elimination of work, 
allowing plant staff to focus on tasks that 

require high levels of skill

• SCW improves work destruction by:

– Automatic verification of instrument data
– Identifying need for instrument calibration and eliminating 

unnecessary calibrations
– Optimizing the number of grab samples taken
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Automatic Verification of Instrument Data

• Before SCW
– Measured data collected

• Parameters:  Ammonia, 
ETA, pH, conductivities

• Locations:  feedwater, SG 
blowdown, condensate

– Plant staff manually 
calculates theoretical 
values

– Plant staff manually 
compares theoretical 
calculations to verify 
instrument data

• With SCW
– Measured data is still 

collected
– SCW calculates theoretical 

values (virtual sensors)
– SCW compares virtual 

sensors and measured 
data

– SCW alerts plant staff to 
significant differences 
between measured data 
and virtual sensors
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Automatic Verification of Instrument Data
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Automatic Verification of Instrument Data:  
pH Example
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Optimizing Instrument Calibrations:  pH 
Example
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VS CPD-pH(25°C)
pH Difference

– Plant is alerted when virtual sensors diverge from measured data
– Indicates when calibration or maintenance may be needed
– Rather than calibrating on a set frequency, plant staff is notified when 

instruments need attention
– Work destruction achieved by optimizing calibration frequency
– Quality of data is also improved
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Optimizing Grab Samples

• Utilizing SCW virtual sensors, one US plant optimized the number
of grab samples taken on a routine basis

• SCW virtual sensors has replaced grab sample data
• If an event arises, plant staff are notified by SCW and can then

take more grab samples if additional info is required

FW SG Blow
Down

Main
Steam

Heater
Drain Tank

CPD CPE

Na x x x x x x

Cl x x x x x x

SO4 x x x x x x

*GOLD box indicates EPRI Guidelines Control Parameter
*Small X indicates where virtual sensors replaced routine grab samples
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Conclusions

• Online monitoring diagnostic systems can aid in the safe and 
smooth operation of nuclear power plants by:

– Identifying abnormal chemistry conditions and alerting 
plant staff in a reliable and timely manner

– Helping plant staff to cope with increased workloads, 
reduction in staff, and loss of experience through work 
destruction
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Abstract 
 

The general established capacity of five nuclear stations of Ukraine per 2000 made 
12,835 mln kW. 

In 2000 on the Ukrainian NPPs  77,3 bln kW. h. were  produced, that is 5,3 bln kW. h. 
more than it was produced in 1999.   

In 2000 was produced 45,4 % from total of the electric power of Ukraine (Figure 1). 
In 2000  load factor on NPPs  of Ukraine was 68,9%.  
Now 11 units with WWER-1000 reactors and 2 units with WWER-440 and are 

operated in Ukraine. The general established capacity makes 11,835 mln kW (Figure 2). 
Last working unit with RBMK-1000 on ChNPP is closed on December 15, 2000. 
 
State of chemical technologies of NPPs essentially influents on unit operating resource 

by the next ways: 
- decreasing of corrosion intensity of equipment metal; 
- decreasing of contamination on thermal exchanged surfaces of equipment; 
- decreasing of amounts of radioactive waste. 
 Improvement of these parameters can be achieved by the next measures: 
- improvement of purification schemes for feed water of main systems; 
- introduction of more effective water-chemistry regimes (WCR); 
- implementation of new methods and instruments of chemical monitoring for WCR; 
- providing of  without-scale regime of thermal-exchanged equipment operating by reactor 
division users through optimisation of the WCR of the NPP spray pool. 

  
 

 1. Introduction 
Preparation of desalted water for initial filling of the main NPP systems and loss 

compensation determines essentially the quality of the WCR fulfilment of these systems. 
Because of aggravation of initial water quality and elaboration of new methods of water 
chemical purification (WCP), the existed WCP systems need to be reconstructed and 
modernised. Now at Zaporizka and South-Ukrainian NPPs possibilities are analysed to 
decrease the ion and organic pollution in the produced water with acceptable level of financial 
expenditures. 

Most important tasks, which solution has to provide the WCR of Primary circuit, is 
decreasing of equipment corrosion intensity, and, as a result, decreasing of amounts of 
radioactive wastes and personnel doses. 

One of the most seriously problems, which arises at the Ukrainian NPPs and can be 
solved by the way of WCR improvement, is to provide reliable operating of steam generators 
(SG). So, at the Zaporizka and South-Ukrainian NPPs 25 SGs have been changed before 
design terms. 

The preparation for new replacement SGs on Rivne and South-Ukrainian NPPs is 
conducted. 



   

   
 
 
2.  Structure of chemical services in  Nuclear power of Ukraine. 
The working NPPs of Ukraine are included into the structure of the one operating 

organization - National Nuclear Energy Generating Company “Energoatom". NNEGC 
“Energoatom" is subordinated to the Ministry of Fuel and Energy of Ukraine, in which 
structure for the purposes of management of nuclear industry are created State Department 
of Nuclear Energy (Figure 3). The red colour marks division, in which the participants of 
our project work. 

The supervision of nuclear and radiating safety carries out State Committee of 
Nuclear Regulation of Ukraine, in which questions of chemical technologies are in 
competence of safety regulation of nuclear installations. 

The basic work on operation, control, repair of the chemical equipment on NPPs, 
conducting and control of WCT is engaged  by the personnel of chemical section and 
laboratory created in NPPs structure. In Direction of NNEGC “Energoatom"  the division of 
WCT modes is created in 2001, which collects and analyses results of work of chemical 
divisions of NPPs and will carry out uniform technical policy in a part of chemical 
technologies on NPPs. 

The scientific and technical support to conducting chemical technologies is rendered 
by scientific organisations of Ukraine, Russia and experts of other countries within the 
framework of the programs of TACIS and International Atomic Energy Agency. 

 
3 Desalted water preparation 
The water chemistry purification (WCP) systems of the Ukrainian NPPs were 

constructed according to designs of 70-th and quality of water produced by them is much 
worse then those produced at modern WCP systems. So, improvement of water preparation 
regimes allows to improve quality of water directed from the WCP systems to main NPP’s 
systems and will provide reliable operation of equipment of these systems. 

To improve the operation of water preparation installations and to increasing 
operation life of NPPs, it needs to pay essential attention and to strength the requirements to 
such parameter as specific electrical conductivity of feed water. 

So, for the NPPs with WWER reactors this index is μ0,3 S/cm, whereas for existed 
technologies at these NPPs the measured values are about 0,15-0,2 μS/cm. The specific 
electrical conductivity (SEC) has to be decreased up to the world accepted level – 0,07 μS/cm 
through implementation of modern water preparation technologies. 

An important parameter of stable operating of the main system equipment is an 
amount of chemically desalted water used for NPP needs. At the Zaporizka NPP after 
introduction of strict monitoring of this parameter and implementation of measures to 
decrease heat-carrier leakage, the value of this parameter decreases systematically that 
influents positively at the quality of SWC    (Figure 4). 

 
4 Water chemistry regime (WCR) of Primary circuit 
Stable fulfilment of WCR of Primary circuit is provided at the Ukrainian NPPs but it 

leads to production of a big amount of radioactive waste. Therefore, possible ways are 
investigated and analysed aimed to increasing of equipment life time and to minimising the 
radioactive waste.  

According to normative requirements, concentration of dissolved hydrogen in the first 
system water has to be supported at 2,7-5,4 ppm. It needs to suppress radiolysis of heat-

2



   

   
carrier in active core, to support the concentration of dissolved oxygen less then 5 ppb and to 
provide the needed conditions for as high as possible decreasing of corrosion intensity of the 
first system components.  

At the NPPs with WWER reactors hydrogen is produced due to disintegration of 
ammonia introduced to Primary circuit. 
 Operating problems: 

- hurtful contamination getting to Primary circuit heat-carrier together with ammonia; 
some elements been activated into reactor increase activity of heat-carrier; 

- difficulties of providing the needed hydrogen concentration during setting into 
operation or power transition regimes because hydrogen production  is proportional to 
neutron flux; 

- necessity of long-time ventilation of the Primary circuit equipment before opening 
for restore works because of hydrogen production due to remaining neutron flux; 

- decreasing of efficiency of ion-exchanging filters of bypass purification system of 
primary circuit from corrosion ions due to saturation of the filters by ammonia. The Necessity 
to regenerate often the filters to restore its ion-exchanging ability; 

- peaks of concentration of alkaline metals and activity of heat-carrier when ammonia 
is introduced. 

The possibility and efficiency of introduction of gaseous hydrogen to primary circuit 
instead of ammonia are investigated. 

 
          5. Experience of improvement of Secondary Water Chemistry (SWC)  

At the operating units with WWER –reactors the steam generators (SG) are breakable 
mostly, which exit collectors and thermal-exchange tubes are the most critical. Its breaks arise 
due to design, technological and operational lacks. In particular it connects with high 
remained tension of metal, imperfection of SWC, lacks of design and operation of 
condensation-feed system and blowing  system as well as with deficient diagnostics 
(operational control). 

   For lifetime extension of SG the solution of following important tasks is needed: 
- modernisation and providing of optimal SWC during operation; 
- implementation of high dense turbine condensers excluded cool water entry to 

second circle heat-carrier; 
- increasing of reliability of equipment of condensation-feed system to provide needed 

quality of feed-water; 
- increasing of efficiency of the SG blowing systems; 
- implementation of automatic system of SWC operating and monitoring. 

 At Zaporizka and South-Ukrainian NPPs, where the problem of SG reliability is the 
most critical, active works on investigation and implementation of new methods for SWC 
were carried out during latest years. 
 The problem of the SWC has to be discussed in more detail. 

 
  

5.1 Lithium- metaborate SWC  
 During of Zaporizka NPP operating, there were replaced 12 SGs  in units № 1,2,3. 
Metal breaks of “cold” collectors of the PGV-1000 steam generators had corrosion-
mechanical characters and were observed as trens-cristallit cracks, directed in depth of steel 
10 ГH 2MФА type of collector up to non-rusting  layer at the 1st system side. 
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 According to opinion of specialists, the reasons for damages of “cold” collector metal 
are lacks of the  PGV-1000 design as well as low quality of WCR-2, which together form the 
condition for corrosion process in chinks of rolling of thermal-exchanged tubes to collectors 
due to concentration of corrosion-active contamination of secondary circuit water resulted 
from evaporation. 
 Accepted for secondary circuit of NPP with WWER-1000 reactor the hydrazine-
ammonia WCR together with existed copper alloys in secondary circuit equipment does not 
allow to provide reliable operation of SGs: 
 - region size pH values does not provide the minimisation of the corrosion-erosion 
wearing out processes of equipment metal made from carbon steel; 

- higher concentration of ammonia and pH is impossible because of intensify 
of copper alloy corrosion processes.  

For existed design solution the alternative water regimes had to be choice with 
account of national and world experience accumulated at ThPPs and NPPs, which cold allow 
to avoid the negative influence of the above mentioned factors on choosing constructive 
materials of the equipment.  

Therefore in 1995 at the unit N 3 of Zaporizka NPP the experimental tests of SWC 
were started with feed water correction by lithium-metaborate. Based of the results of 
experimental operation of the unit No3, the WCR-2 with SG feed water correction by lithium-
metaborate was extended upon all Zaporizka NPP units. 

The pH correction of feed water by lithium-metaborate is carried out under condition 
of blowing water pH decreasing lower than 8.3. 

 Under SWC operation the lithium concentration in blowing water is supported in the 
region 30-90 ppb.  

In SG sediments the lithium compounds are observed as 0,07-0,09% (normalised to 
Li2O), that testifies on including of lithium to film at the metal surface of thermal-exchanged 
tubes.  

According to  ZNPP results the positive influence of lithium-metaborate SWC on  
processes proceeding on surfaces of metal of the equipment of a condensate-feedwater path is 
not stated. The concentration of iron in feedwater is kept on enough high level.  

To the positive factors of influence of a lithium-metaborate SWC on a status of metal 
it is necessary to relate a high level of integrity of thermal-exchanged tubes of SGs, despite of 
their significant pollution with scale. 
 Introduction of SWC with lithium-metaborate dosing at Zaporizka NPP allowed to 
improve WCR of SGs and can be considered as one of the ways of the SWC improvement. 

 
 

5.2 Morpholine  SWC 
As the cooling water of condenser turbines at South-Ukrainian NPP has the salt 

concentration in 2,5 times more than design value, the existing now hydrazine-ammonia SWC 
does not provide the design operational terms of the equipment of secondary circuit. Based on 
the recommendations of the EC experts in the frame of the TACIS-95 Programs, to solve this 
problem the SWC with correction of feed water by morpholine was proposed. 

The world experience testify the efficiency of the morpholine SWC as method of 
decreasing of corrosion-erosion process intensities for equipment with copper alloys due to 
pH increasing. 
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The morpholine distribution index for the “steam-water” system is near 1, whereas 

ammonia has such index 8. This property of morphine provides its inhibiting and neutralising 
abilities for all elements of the equipment of secondary circuit.  

Analysis of world experience of morpholine regime used at NPPs with PWR-
reactors, which content copper alloys in equipment of secondary circuit, testifies the essential 
decreasing of corrosion-erosion process intensities (in 7-10 times) in comparison with 
ammonia-hydrazine treatment used earlier. Decreasing of  corrosion intensity leads to 
decreasing of corrosion products transport to SG and, as result, to decreasing of its pollution 
levels. 
             In turn, decreasing of pollution levels of the SG surfaces leads to decreasing of under-
sediment corrosion intensities and to suppressing of the “hide-out”  effect during transitional 
regimes of unit operation. 
         Within the frame of the TACIS-95 Project No U1.02/95A at South-Ukrainian NPP unit 
No2 the tests of the morpholine regime were carried out to examine the possibility of its use 
in the specific conditions of WWER-1000 unit. The South-Ukrainian NPP unit No2 with the 
WWER-1000 reactor is the first unit of WWER-type, which secondary circuit the morpholine 
regime was examined in.  

The unit № 1,2 of South-Ukrainian NPP and № 4 of Zaporizka NPP  were operated at 
the nominal 100% power with SWC morpholine regime of secondary circuit. After 
experimental operation of the units, the next conclusions can be made: 

- uniform concentration of morpholine (4-5 ppm) and pH value were 
achieved in the second circuit;  

-  to increase the pH value of the SG blowing water from to 8,8-9,0 in 
comparison with 7,8-8,2 for the traditional ammonia regime;  

- iron and copper concentrations in feed water were decreased essentially: 
0,7-5 ppb for iron  and 0,1-0,6 ppb for copper (decreasing index 2-5) (Figure 5); 

- amounts of corrosion products at SG tubes were decreased essentially; 
- the morpholine regime is more economical and competitive in comparison 

with those of hydrazine-ammonia. 
 

Preliminary evaluation demonstrates that waited economical effect from introduction 
of morpholine regime is not less than US$ 100,000 only due to shortage of direct operational 
expenditures. 

Experimental tests of SWC morpholine regime at the SUNPP, unit N 2 give positive 
results and demonstrate possibility and efficiency of implementation of this regime at the 
units with WWER–reactors of soviet design. This results allow to hope that morpholine SWC 
implementation will allow to solve the problem of reliability and operational resource of SGs. 

It is planned to introduce morpholine SWC to the second contour on all units of 
Ukraine NPPs till 2004.   

It is written down in "Program of introduction morpholine SWC on NPPs of Ukraine 
for 2001-2003 years ", developed and authorized in NNPGC “Energoatom". 

 
 
6. Water chemistry monitoring and plans for the future work on it.  
Now WCR on NPPs of Ukraine is organized and it diagnostic according to the 

following guardelines: 
ГНД 95.1.06.02.001-97. "Water of the primary circuit nuclear power reactor  WWER -

1000. The technical requirements to quality. Ways of maintenance "; 
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ГНД 95.1.06.02.001-97. " Water of the primary circuit nuclear power reactor  WWER-

440. The technical requirements to quality. Ways of maintenance "; 
ГНД 95.1.06.02.002-01. "WCR of the second circuit of atomic power stations with 

reactors type WWER. The technical requirements to quality of water. Ways of maintenance", 
 and also separate programs on operation morpholine and lithium-metaborate SWC  
The chemical control of the basic contours NPPs is organised according to the 

requirements of these documents (Figures 6,7,8).  
The quality of the water of the primary circuit  is monitoring practically only by 

laboratory methods. The concentration boric  acid is automatically control. In the primary 
circuit is no automatic control of critical parameters of quality of the water (Cl; H2; О2; the 
sum of alkaline metals). 
           There are local systems of the automatic chemical control of the second circuit. The 
automatic chemical control was entered into operation, all means are efficient and carry out 
the functions according to the projects. However the instrument park of the automatic 
chemical control does not respond to the requirements of the normative documentation in  
part of observance of minimal necessary volume of the automated chemical control. 
Automatic oxygen controllers at NPPs are absent or require the replacement.  
         The problem of reconstruction of the automatic chemical control and the laboratory 
chemical control on NPPs of Ukraine is very urgent.  
        The problems of organisation of the automatic chemical control  on NPPs of Ukraine are 
identical. 

  
"The Program of development, modernisation and introduction of systems and devices 

of the automatic and laboratory chemical control on NPPs of Ukraine for 2002-2006 years " 
now is developed. 

Principles, on which the system automatic chemical control based are: 
• the system is a subsystem of a MAIN MANAGEMENT INFORMATION SYSTEM unit 

of NPPs, and consequently the appropriate kinds of maintenance of system should provide 
compatibility with other subsystems;  

• the system should represent the modern tool for the automated tax, processing and 
performance given of the chemical-analytical control inside contours of physical and 
chemical processes and operational parameters on conducting chemical technology of its 
life time operation; 

• the maintenance of system should provide automatic check of reliability of the data 
automatic chemical control, organisation of operative manual input of results of the 
laboratory chemical analysis, formation of the recommendations on elimination of 
infringements (anomalies) CWR in a mode "Advice to the operator ", management of 
technological systems of maintenance of CWR;  

• the system should be used both in base and in transitive modes of operations NPPs. 
By development and introduction of systems of the automatic and laboratory control of 

the primary and secondary circuit it is necessary to ensure maximal reliable and life time of 
all elements of system.  
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Installed capacity nuclear power units in Ukraine

NPPs
Unit 

number
Reactor 
type 

Installed 
capacity,

MWe

Commissioning 
date 

Zaporizka  

1 WWER-1000/320 1000 10.12.1984

2 WWER -1000/320 1000 22.07.1985

3 WWER-1000/320 1000 10.12.1986

4 WWER-1000/320 1000 18.12.1987

5 WWER-1000/320 1000 14.08.1989

6 WWER-1000/320 1000 19.10.1995

South-
Ukrainian 

1 WWER-1000/302 1000 31.12.1982

2 WWER-1000/338 1000 06.01.1985

3 WWER-1000/320 1000 20.09.1989

Rivne 1 WWER-440/213 420 22.12.1980

2 WWER-440/213 415 22.12.1981

3 WWER-1000/320 1000 21.12.1986

Khmelnytsky 1 WWER -1000/320 1000 22.12.1987



The electric energy production and Load factorThe electric energy production and Load factor

1993   1994   1995   1996   1997   1998   1999  2000
The electric energy produced of  NPPs bln.kW. h. 

75.2  68.9     70.5   79.5   79.0    75.2 72.1   77,3
% produced of NPPs from total of the electric energy 

32.7    34.0     36.4    43.8    44.6   43.5    41.8   45,3
Load factor %. 

TPP 44.5  37.9 35.3    29.6    27.8   25.7   26,0   24,0
HPP 27.2    29.9     24.5    21.2    24.3   38.6   35.0   36,0
NPP 62.2    57.0     58.3    70.8    70.8   67.1   64.2   68,7

S tru c tu re  o n  p ro d u c e d   o f 
e le c tric a l e n e rg y in  2 0 0 0

Uranium
41.8%

Coal
26.8%

Hydro-
energy

8.3%

Gas 
23.6%

Petroleu
m

1,1%

Total
171,7

bln kW.h



Consumption of chemically desalted water for needs of 
Zaporizka NPP (1986-2000 years)

0
500

1000
1500
2000
2500
3000

86 87 88 89 90 91 92 93 94 95 96 97 98 99

103 m3

0

0,05

0,1

0,15
m3/МWt

V, m3 m3/МWt



Structure of chemical services in  Nuclear power branch of 
Ukraine

Cooperation with scientific
organizations of Russia.

The help of the experts within
the framework of the programs

TACIS and International
Atomic Energy Agency.

Foreign scientific support

The Kyiv and Kharkov
design institutes

The Kyiv
Technical
University

The Odessa Technical University

State Scientific Engineering
Center of Control Systems and

Emergency Response

Scientific support in Ukraine

South-Ukrainian NPP
Chemical section.

Chemical laboratory

Khmelnytsky  NPP
Chemical section.

Chemical laboratory

Rivne NPP
Chemical section.

Chemical laboratory

Chemical section. Chemical laboratory Laboratory of
chemical

technologies

Zaporizka NPP

Division of Chemical
 Water Treatment

National Nuclear Energy
Generating Company

NNEGC "Energoatom"
Direction of engineering support

Ministry of Fuel and
Energy of Ukraine

State Department of Nuclear Energy
Division of NPPs

The scientific and technical centre
of nuclear and radiating safety.

Laboratory of Operational Reliability
and Chemical WaterTreatment

State Committee of
Nuclear Regulation

Division of Safety Regulation



pH monthly overaged value for SGs blowdown water of unit 2 
SU NPP with hydrazine-ammonia SWC

for the period from June, 2000 till October, 2000

7,5

7,7

7,9

8,1

8,3

8,5

рН



pH monthly overaged value for SGs blowdown water of unit 2 
SU NPP with morpholine  SWC

for the period from January, 2001 till April, 2001

8,5

8,7

8,9

9,1

рН



Amaunt  Fe (ppb) and Cu (ppb) in the SGs on feedwater of unit
2 SU NPP with Morpholine  SWC 

for the period from 01.01.2001 till 20.04.2001
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Minimally necessary amount of the automatic chemical control 
secondary water chemistry of NPPs with WWER type reactors

Place of test

Parameter 
name 

Measu-
rement
range 

A kind of the information

The 
sho-
wing 
devi-

ce

Auto-
matic 
recor-
ding

The signal system

Room of 
the 

chemical 
control

The 
central 
control 
room

1 Condensate up to 
purification

[O2], ppb 1-100 + + +

2 Condensate for  LP heaters [O2], ppb 1-50 + + +

3 Feedwater for HP heaters
X, μS/cm

pH
[ Na], 

X, μS/cm 

0,2-1,0
6,0-10,0
1,0-20,0
0,2-10,0

+                     
+
+
+

+
+
+
+

+
+
+
+

+
+
+
+

4 Feedwater for deaerater [O2], ppb 1-50 + + +

5 Steam X, μS/cm 0,1-1,0 + + + +

6 Blowdown water of  SG X, μS/cm 
pH, 

1,0-30,0
6,0-10,0

+
+

+
+

+
+

+
+

7 Water after chemistry 
purification  system

X, μS/cm 0,1-1,0 + + +

8 Blowdown water after 
purification 

X, μS/cm 0,1-1,0 + + +



Recommended amount of the laboratory chemical control of  
secondary water chemistry of NPPs with WWER type reactors

Place of test Parameter
name 

Control
periodicity

Condensate for  LP heaters Cu, ppb 1 time per one week

Feedwater for HP heaters
Fe, ppb 
Cu , ppb 

pH
N2H2, ppb 
Na, ppb 
O2, ppb 
Oil, ppb 

NH4OH, ppb 
X, μS/cm (conductivity)

1 time per one week
1 time per one week

3 times per day
3 times per day
3 times per day 
3 times per day

1 time per one week
3 times per day
3 times per day

Blowdown water of  SG 
Cl, ppb

SO4 , ppb
Na, ppb, 

pH
X, μS/cm (specific conductivity)

3 times per day
3 times per one week  

1 time per day
3 times per day
3 times per day

Water after chemistry 
purification  system

Na, ppb 
X, μS/cm (conductivity)

SiO2, ppb

1 time per day
1 time per day
1 time per day

Blowdown water after 
purification 

Na, ppb 
Cl, ppb

X, μS/cm (conductivity)

1 time per day 
3 times per day 
3 times per day 



Minimally necessary amount and periodicity of chemical control of  
primary water chemistry of NPPs with WWER type reactors

Place of test pH H3BO4

Alka-
line 

metals
NH4O
H ppb

H2 O2, ppb Cl, ppb Fe, ppb Cu , 
ppb

Blowdown
water

1 time 
per day

1 time 
per day

1 time 
per day

3 times 
per day

1 time 
per day

1 time 
per day

1 time 
per day

1 time 
per one 

week

1 time 
per one 

week
Reactor 1 time 

per day
1 time 

per day
1 time 

per day
3 times 
per day

1 time 
per day

1 time 
per day

1 time 
per day

1 time 
per one 

week

1 time 
per one 

week

After pump 
of feed 
system

3 times 
per day

1 time 
per day

1 time 
per day

3 times 
per day

1 time 
per day

3 times 
per day

1 time 
per day

After low 
temperature 
crud filters.

1 time 
per one 

week

After cation
filters

3 times 
per one 

week

1 time 
per day

1 time 
per one 

week

After  anion 
filters

1 time 
per day

1 time 
per day

After high 
temperature 
crud filters

1 time 
per one 

week
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1 INTRODUCTION 
Now in Ukraine on 4 NPPs 11 units with reactors type WWER-1000 and 2 units with 

reactors type WWER - 440 are under operation. 
The general established capacity of Ukraine NPPs are 11835 mln kW.  
The state of chemical technologies of NPPs essentially influents on their safety and 

operating resource by the next ways: 
- decreasing of corrosion intensity of equipment metal; 
- decreasing of amount of radioactive waste; 
- providing of without-scale regime of thermal-exchange equipment. 
The improvement of these parameters can be achieved using the next measures: 
- improvement of purification technology for main system's feed water; 
- introduction of more effective water-chemical regimes (WCR); 
- implementation of new methods and instruments of chemical monitoring; 
- providing of without-scale regime of thermal-exchange equipment operating by 

reactor system users through optimisation of the WCR of the NPP spray pool. 
NNEGK "Energoatom" activity regarding perfection of chemical technologies is 

performed in a way of: 
- development of chemical specification, programs, plans on conducting chemical 

technologies and their improvement; 
- the control over observation of chemical specifications, programs and plans 

performing; 
- the introductions of new instruments and methods of the on-line and laboratory 

control, information systems of chemical parameters and WCR's management;  
- introduction of new WCRs; 
- increase of operating culture. 
The development of chemical specifications and plans of modernization of devices 

and systems of the chemical control in 2001 – 2002 was carried out according to materials 
and recommendations of the 1st Research Co-Ordinated Meeting Co-Ordinated Research 
Project on “Data processing technologies and diagnostics for water chemistry and corrosion 
in nuclear power plants”. 

 
2 CHEMICAL SPECIFICATIONS 
Now WCR on the NPPs of Ukraine is organized according to the following chemical 

specifications: 
ГНД 95.1.06.02.001-02  “The Heat-carrier of the first circuit of nuclear power reactor 

WWER-1000. Technical requirements. Ways of maintenance of quality”; 
ГНД 95.1.06.02.003-02  “The Heat-carrier of the first circuit of nuclear power reactor 

WWER-440. Technical requirements. Ways of maintenance of quality”; 
ГНД 95.1.06.02.002-01  “The WCR of the second circuit of NPP with reactor type 

WWER. Technical requirements to quality of water. Ways of maintenance”, 
 and also according to programs on trial operation of morpholine WCR of second circuit  
ГНД 95.1.06.02.001-02, ГНД 95.1.06.02.003-02 were introduced since November, 

2002. The Ukrainian experts took part in their development, and also the big contribution 
was brought the Russian experts organized for this purpose by the firm - manufacturer of 
nuclear fuel "ТВЭЛ". By development of these documents for the first time it is entered 
obligatory and recomended on-line control the primary circuit. 
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3. WCR OF THE PRIMARY CIRCUIT 
On NPPs of Ukraine the stable WCR of the primary circuit is provided.  
 
Mid-annual values of chemical parameters of the first circuit in 2001 

Unit Parameters of quality of the heat-carrier 
Boron K+Na 

+Li 
Cl + F Oxygen Fe+Cr+N

i 
Ammonia Hudrogen  

г/kg mmole/ 
kg 

mg/kg mg/kg mg/kg mg/kg mg/kg 

Norms 0-10 0,02-0,5 <0,1 <0,005 <0,2 > 5,0 2,7-5,4 
ZNPP 
№1 

3,55 0,27 <0,04 <0,005 <0,01 12,5 2,9 

ZNPP №2 3,2 0,23 <0,04 <0,005 <0,01 11,7 3,0 
ZNPP №3 3,7 0,26 <0,04 <0,005 <0,01 12,2 3,0 
ZNPP №4 3,29 0,24 <0,04 <0,005 <0,01 15,3 2,9 
ZNPP №5 3,19 0,24 <0,04 <0,005 <0,01 13,6 2,8 
ZNPP  №6 2,85 0,23 <0,04 <0,005 <0,01 14,6 2,9 

SU NPP 
№1 

2,56 0,17 0,04 0,005 0,015 9,6 3,8 

SU NPP 
№2 

2,98 0,22 0,04 0,005 0,015 14,0 2,9 

SU NPP 
№3 

2,55 0,20 0,04 0,005 0,015 14,6 3,0 

RNPP №1 2,7 0,29 0,04 0,005 0,010 18,3 3,1 
RNPP №2 2,5 0,23 0,04 0,005 0,010 17,9 3,5 
RNPP  №3 2,6 0,26 0,042 0,005 0,012 13,9 3,2 

ChNPP 
№1 

2,5 0,22 <0,04 <0,005 0,011 18,2 2,89 

 
Possible ways of modernization of WCR of the primary circuit are studied and 

analised with the purpose of increase of the life time of the equipment and of minimization 
of radioactive waste value. In particular we are planning to introduct the gaseous hydrogen 
in the heat-carrier of the primary circuit instead of ammonia (program TACIS). 
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Limits of the primary circuit 
Deviations from limits  

Parameters 
Limit 

The first  
level 

 

The second  
level 

 

The third  
level 

 
Chloride  mg/kg <0,1 - 0,1-0,2  > 0,2 
Fluoride  mg/kg <0,1 - > 0,1 - 0,2  > 0,2 
Oxygen, mg/ kg <0,005 0,005- 

 0,02  
>0,02 - 

 0,1  > 0,1 

Hydrogen, mg/kg 2,2-  
4,5 

> 4,5 - 7,2   
<2,2 - 1,3 

>7,2 - 9,0   
 <1,3 - 0,5 

> 9,0  
<0,5 

The sum of alkaline metals 
(K, Lithium, Na) depending 
on the current concentration 
of a boric acid according to 
picture 

Zone A Zone В and C Zones D and E Zone F 

Permissible time to operate 
with a deviation   7 days 24 hours 

Stopping the 
unit with the 

planned speed
Diagnostic parameters 

Parameters Limits 
Ammonia, mg/kg > 3,0 
Iron, mg/kg  <0,05 
Copper, mg/kg   <0,02 
Nitrate, mg/kg   <0,2 
Organic carbon, mg/kg  <0,1 
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Dependence of total concentration of ions of alkaline 
metals (K, Lithium, Na) from the current concentration of a boric acid. 

 

0.00

0.05

0.10
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0.20

0.25

0.30

0.35

0.40

0.45

0.50

0.55

0.60

0.65

0.70

0.75

0.80
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Сoncentration of a boric acid, г/kg

2,2 6,2 7,8 11,4

Optimum line

Zone D 24 hours 

Zone F  s/d 

Zone B  
7 days 

Zone A 

Zone E  24 hours 

Zone C 7 days 

 
During 2001 no breaking of WCR of the primary circuit were fixed. 
According to normative requirements, being in use the concentration of dissolved 

hydrogen in the primary circuit has to be supported at 2,2-4,5 ppm. It is needed to suppress 
radiolysis of heat-carrier in reactor core, to support the concentration of dissolved oxygen 
less then 5 ppb and to provide the needed conditions for the highest as possible decreasing 
of corrosion intensity of the primary circuit components. On some units there were 
deviations of concentration of oxygen within the limits of 5-20 ppb therefore is necessary 
the on-line control of concentration of oxygen and hydrogen. We also hope replacement of 
ammonia by hydrogen to have an opportunity fast regulation of concentration of hydrogen 
and decrease concentration of oxygen form water radiolysis. 
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4. THE EXPERIENCE OF IMPROVEMENT OF SECONDARY WATER 
CHEMISTRY (SWC)  

Limits of the second circuit 
 

 
Parameters 

Conden-
sate 

 

 
Feedwater 

Blowdown 
water  

Steam 

  
рН at 25ºС,  

 
- 

 
9,0±0,2 

 
8,0-9,2 

 
- 

Electric 
conductivity 

 µS/sm 

 
<0,35 

 
<0,3 

 
<5,0 

 
<0,3 

 
Sodium, mkg/kg 

 
    <2,0    

 
- 

 
<300 

 
- 

 
Chloride, mkg/kg  

 
- 

 
- 

 
<100 

 
- 

 
Sulfate mkg/kg  

 
- 

 
- 

 
<200 

 
- 

Iron, mkg/kg  
- 

 
<15 

 
- 

 
- 

Copper, mkg/kg  
- 

 
<5  

 
- 

 
- 

Oxygen, mkg/kg  
<30 

 
<10 

 
- 

 
- 

Hydrazine mkg/kg  
- 

  
> 40 (10) 

 
- 

 
- 

Morpholine mg/kg  3-6   
 
Ammonia-hydrazine SWC regime being introduced from the beginning of operation 

of Ukraine′s NPPs, has essential lacks which result in formation and accumulation of 
products of corrosion constructional materials in SG and, first of all, on thermal exchange 
surfaces, than creates conditions for corrosion-active impurity and, as consequence, there is 
the corrosion damage of SG tubes. Corrosion damage of SG tubes on units № 1,2 SU NPP, 
№3 RNPP are near to level when replacement of SG is needed. It testifies the necessity of 
radical actions on the organization and control of SWC.  

Within the framework of project U1.02/95А under the program ТАСІS experts of the 
European Commission recommended for SU NPP the introduction of SWC with processing 
a feedwater with advanced amine - morpholine. 

The application of advanced amines for correctional processing of a feedwater allows 
to raise the value of рН of the heat-carrier of the second circuit without harming the copper 
alloys and thus to reduce speed of corrosion of copper and iron alloys. 

For stable maintenance of рН in the fixed limits morpholine instead of ammonia one 
was used. 

Now in Ukraine 5 units with reactors WWER-1000 with morpholine SWC are 
operation. 
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In accordance to the processing of SU NPP on trial operation of the power unit №1 
with conducting morpholine SWC during above 300 days (from 26.09.2001 to 14.07.2002):  

- The average concentration of products of corrosion for all accounting period 
had made on iron – 4,5 ppb, on copper - 1,1 ppb; 

- For one year on the one unit the decrease in direct operational expenses for 
maintenance of WCR in comparison with hudrasine-ammonia WCR on 80 
thousand dollars is achieved. 

- Magnetic mechanical filters had been working during 72 days (24 % of an 
operating time of the unit); 

- Filters of the mixed action with ion-exchange resins had been working during 
17 days (6 % of an operating time of the unit); 

 
The negative influence of morpholine SWC is not revealed on a condition of the 

equipment and process of maintenance SWC. At the same time the trial commercial 
operation of morpholine SWC had shown, that for the maximal effect from application of 
this SWC the higher culture of operation is needed, providing: 

- the decrease of concentration of oxygen in water of the second 
circuit up to minimally achievable levels; 

- revealing at early stages and quickly elimination of leakings of 
cooling water in condensers and other polluting streams; 

- the improvement of the chemical control over the concentration of 
oxygen, organic acids, products of corrosion, sulfates; 

- development of technology of full decomposition of morpholine  or 
its allocation from waste waters with the purpose of re-use. 

The environmental problems connected with application of morpholine SWC limit 
its application on ZNPP, having the greatest amount of power units. Therefore the 
question of introduction of ethanolamine SWC is under consideration. 
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5. THE ORGANIZATION OF DIAGNOSTICS FOR WATER CHEMISTRY. 
The diagnostics for water chemistry on NPP is organized according to requirements 

of chemical specifications.  
 

Minimally necessary volume and periodicity of chemical control the heat-carrier of the 
primary circuit  

Periodicity Parameters  
 Grab sampling 

Boric acid On - line Once / day 
(if loss on - line) 

Hydrogen On - line once / day  
(if loss on - line) 

рН On - line  once / day  
(if loss on - line) 

Oxygen On - line  three times/  week  
(if loss on - line). 

Chloride    once / day 
Fluoride   once / week 

Potassium  once / day 
Lithium   once / day 
Sodium   once / day 

Ammonia   three times / day 
Iron   once / week 

Copper  once / week 
Organic carbon   once / week 
 

Minimally necessary volume and periodicity of chemical control of additional waters 
of the primary circuit 

Periodicity 
Parameters  

 Grab sampling 

 рН On - line  three times / day 
(if loss on - line) 

Dissolved oxygen On - line 
once / day  

(if loss on - line) 
Ammonia   three times / day 

Chloride - ion   three times / day 
Sodium  once / day  
Silica    once / week  
Iron   once / week  

Organic carbon   once / week 
                                                                                                         

8



   
   

 
The recommended volume of the on-line control of the second circuit  

    
№ Place of test Parameters Measurement range 
    

1 Condensate of turbines ΔX, µS/sm 2,5 ÷0÷2,5   
 

2 
 

Condensate   
before purification 

 Хн, мкСм/sm 
 [O2], mkg / kg 
 [Na], mkg / kg  

 

0,1-10,0 
1-100 
1-50 

3 Condensate after purification 
 

Хн, µS/sm 
[Na], mkg / kg  

0,1-0,5 
1-30 

4 Condensate after LP heaners [O2], mkg / kg  1-50 
 

5 Feedwater  
after deaerate  

[[O2], mkg / kg  1-50 
 

 6 Feedwater after HP heaners 
 

Хн, µS/sm 
 рH 

[Na], mkg / kg  
[Cl], mkg / kg  

0,2-1,0 
6,0-10,0 

1-20 
1-10 

7 Steam Хн, µS/sm 
[Na], mkg / kg  

0,1-1,0 
1-20 

8  
Blowdown water after  SG 

Хн, µS/sm 
[Na], mkg / kg  
 [Cl], mkg / kg  

 рН,  

1-30 
50-1000 
50-1000 
6,0-10,0 

9 Blowdown water after 
purification 

X, µS/sm 
[Na], mkg / kg 

0,1-1,0 
1-100 

10 
 

Blowdown water bifore 
deaerater 

Хн, µS/sm 
 

0,1-1,0 
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On- line control of the primary circuit. 
On all NPP units the on-line control of a boric acid concentration is completed. On 

other parameters (pH, hydrogen, oxygen) the on-line control is implemented according to 
the authorized plan.  

Concentration of a boric acid influences nuclear safety and its on-line control is 
obligatory. 

Concentration of oxygen and hydrogen, size рН influence corrosion of metal of the 
first circuit. On-line control of hydrogen  is obligatory. On-line control of oxygen and рН  is 
recommended. 

 
On- line control of the secondary circuit. 
There are some systems of the on-line control of the secondary circuit. The on-line 

chemical control is entered into operation, all means efficient and carring out the functions 
according to projects. However, the instrumental park of the on-line control is greatly 
obsolete and demands replacement.  

The amount of on-line control of WCR for the second circuit more than for the 
primary circuit is established in connection with breach WCR bringing to decrease of 
electric capacity of the unit and underproduction of electric energy. There were three breach 
in 2001. On line control allows to find out and eliminate quickly the reasons of breach so to 
reduce losses of manufacture of electric energy, to raise reliability of work of the 
equipment. 

Chemical information systems of representation of parameters is introduced on ZNPP 
and SU NPP.  

Chemistry information system and semi-expert system of WCR is intended for 
collection, primary processing of parameters of the chemical control entered automatically, 
parameters of grab samples analyses entered by the operator, their breaches,  statistical 
processing and registration as  daily, monthly reports and reports of breaches, and also for 
display of the current values of the accepted and calculated parameters to fragments of 
windows and deliveries to the operator of advice on conducting WCR on the symbolical 
display. 

 
6 IMPRUVMENT OF THE CHEMICAL CONTROL  
 
The problem of reconstruction of the on-line control and the laboratory chemical 

control on Ukraine NPPs is very actual.  
In 2001-2002 a number of devices of the on-line control was replaced and mounted 

again and the first were devices of the control of concentration of oxygen (production of 
firm "Swan"). A number of new devices of the laboratory chemical control was complited. 

The significant amount of devices of the chemical control was put on SU NPP under 
program TACIS U1.02.95A. The Firm ELTA has provided to Ukraine devices for the 
control of oxygen, sodium, chlorides (production of firm "Cita") for the second circuit. The 
newest devices are equipped with computers, which are capable to process, to memorize 
and to give out the information. 

“The Program of development, modernization and introduction of systems and 
devices of the on-line and laboratory chemical control over NPPs of Ukraine on 2002-2006” 
is developed and authorized on December, 17, 2001“. 
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The program stipulates the creation of systems of on-line control as being the 
component of the monitoring system and management of WCR and should be carried out 
according to such stages: 

- introduction of means of the on-line control: unreliable devices replacement, 
adding new instrumentation; 

- formation of system of representation of WCR”s parameters;  
- formation of system of breach diagnostics on the basis of the current operational 

data and the retrospective analysis; 
- formation of recommendations on elimination of WCR deviations in a mode 

«Advice to the operator»; 
- management of technological systems of WCR”s maintenance. 

The development, modernization and introduction of on-line control of the 
primary and second circuits will be carried out in the following order: 

- development of the head project of control system of WCR primary circuit for one 
unit; 

- development of the head project of reconstruction and modernization of control 
system of SWC for one unit; 

- introduction in trial commercial operation of the pilot project of control system of 
primary circuit on one unit; 

- introduction in trial-commercial operation of modernized system of SWC on one 
unit; 

- introduction of  systems of primary and secondary circuits on all units of NPPs. 
The considerable aid to Ukraine in the organization of the chemical control on SU 

NPP European Union plans to carry out within the framework of long-term project TACIS 
U1.02/98A «Introduction of the monitoring system and conducting WCR of the first and 
second circuits and the auxiliary systems influencing safety». 

The budget of the project makes approximately 10 million Euro. The project will 
consist of three parts:  

- the system of measurement of boric acid  concentration; 
- the expert monitoring system of WCR diagnostic; 
- the replacement of system input of ammonia by  input of hydrogen. 

The custom-made specifications are coordinated. In 2003 should pass the tender 
and realization of the project will begin. The term of realization of the project is three 
years. 

The purposes of the project: 
- improvement of the control of concentration of a boron acid at all modes of 

operation (normal operation, change of capacity, stop and emergency modes); 
- performance of on-line controls of concentration of the boron acid, based on a 

principle of absorption neutrons; 
- prevention of the non-authorized input of a clean condensate in a solution of a 

boron acid in all modes of operation; 
- improvement of process of measuring of a boron acid (stability of 

measurement, reliability, time of data processing, reduction of amount of 
radioactive waste products); 

- decrease of dozes  on the NPP”s personnel; 
- replacement of input of ammonia by input of hydrogen in the heat-carrier of 

the primary circuit with the purpose of fast achievement of necessary 
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concentration of hydrogen at stages of start-up and stop-up of the unit and 
significant decrease of formation of radioactive waste; 

- introduction of the monitoring system and conducting of primary and 
secondary WCR, the auxiliary safe systems.  

Thus the planning and financing of control systems and WCR conducting of the first 
and second circuits is performed on three basic directions: 

-  “The Program of development, modernization and introduction of systems and 
devices of the on-line and laboratory chemical control Ukraine NPPs in 2002-2006”  

- within the framework of the long-term project TACIS U1.02/98A «Introduction of 
the monitoring system and conducting WCR of the first and second circuits and the 
auxiliary systems influencing safety»; 

- within the framework of the construction of new units on ChNPP and RNPP. 
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Installed capacity nuclear power units in Ukraine

NPPs
Unit 

number
Reactor 
type 

Installed 
capacity,

MWe

Commissioning 
date 

Zaporizka  

1 WWER-1000/320 1000 10.12.1984

2 WWER -1000/320 1000 22.07.1985

3 WWER-1000/320 1000 10.12.1986

4 WWER-1000/320 1000 18.12.1987

5 WWER-1000/320 1000 14.08.1989

6 WWER-1000/320 1000 19.10.1995

South-
Ukrainian 

1 WWER-1000/302 1000 31.12.1982

2 WWER-1000/338 1000 06.01.1985

3 WWER-1000/320 1000 20.09.1989

Rivne 1 WWER-440/213 420 22.12.1980

2 WWER-440/213 415 22.12.1981

3 WWER-1000/320 1000 21.12.1986

Khmelnytsky 1 WWER -1000/320 1000 22.12.1987
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The state of chemical technologies of NPPs essentially 
influents on their safety and operating resource by the next 

ways:

- decreasing of corrosion intensity of equipment metal;
- decreasing of amount of radioactive waste;
- providing of without-scale regime of thermal-exchange
equipment.

The improvement of these parameters can be achieved using the next 
measures:

- improvement of purification technology for main system's feed 
water;

- introduction of more effective water-chemical regimes (WCR);
- implementation of new methods and instruments of chemical 

monitoring;
- providing of without-scale regime of thermal-exchange equipment 

operating by reactor system users through optimisation of the WCR of the 
NPP spray pool.
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NNEGK "Energoatom" activity regarding perfection of chemical 
technologies is performed in a way of:

development of chemical specification, programs, plans on 
conducting chemical technologies and their improvement;

the control over observation of chemical specifications, 
programs and plans performing;

the introductions of new instruments and methods of the on-line 
and laboratory control, information systems of chemical 
parameters and WCR's management; 

introduction of new WCRs;

increase of operating culture.

The development of chemical specifications and plans of   
d i ti f d i d t f th h i l t l i
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2 CHEMICAL SPECIFICATIONS

Now WCR on the NPPs of Ukraine is organized according to the following 
chemical specifications:

ГНД 95.1.06.02.001-02   “The Heat-carrier of the first circuit of nuclear power 
reactor WWER-1000. Technical requirements. Ways of maintenance of quality”;

ГНД 95.1.06.02.003-02   “The Heat-carrier of the first circuit of nuclear power 
reactor WWER-440. Technical requirements. Ways of maintenance of quality”;

ГНД 95.1.06.02.002-01   “The WCR of the second circuit of NPP with reactor 
type WWER. Technical requirements to quality of water. Ways of maintenance”,

and also according to programs on trial operation of morpholine WCR of 
second circuit.

ГНД 95.1.06.02.001-02,  ГНД 95.1.06.02.003-02 were introduced since 
November, 2002. The Ukrainian experts took part in their development, and also 
the big contribution was brought the Russian experts organized for this purpose 
by the firm - manufacturer of nuclear fuel "ТВЭЛ". By development of these 
documents for the first time it is entered obligatory and recomended on-line 
control the primary circuit.
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3. WCR OF THE PRIMARY CIRCUIT

On NPPs of Ukraine the stable WCR of the primary circuit 
is provided. 

Possible ways of modernization of WCR of the primary 
circuit are studied and analised with the purpose of increase 
of the life time of the equipment and minimization of 
radioactive waste value. In particular we are planning to 
introduct the gaseous hydrogen in the heat-carrier of the 
primary circuit instead of ammonia (program TACIS).
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Mid-annual values of chemical parameters of the primary circuit in 2001

Unit

Parameters 
Boron K+Na

+Li
Cl + F Oxygen Fe+Cr+

Ni
Ammon

ia
Hudrog

en 
г/kg mmole/

kg
mg/kg mg/kg mg/kg mg/kg mg/kg

Norms 0-10 0,02-0,5 <0,1 <0,005 <0,2 > 5,0 2,7-5,4
ZNPP №1 3,55 0,27 <0,04 <0,005 <0,01 12,5 2,9
ZNPP №2 3,2 0,23 <0,04 <0,005 <0,01 11,7 3,0
ZNPP №3 3,7 0,26 <0,04 <0,005 <0,01 12,2 3,0
ZNPP №4 3,29 0,24 <0,04 <0,005 <0,01 15,3 2,9
ZNPP №5 3,19 0,24 <0,04 <0,005 <0,01 13,6 2,8
ZNPP  №6 2,85 0,23 <0,04 <0,005 <0,01 14,6 2,9

SU NPP №1 2,56 0,17 0,04 0,005 0,015 9,6 3,8
SU NPP №2 2,98 0,22 0,04 0,005 0,015 14,0 2,9
SU NPP №3 2,55 0,20 0,04 0,005 0,015 14,6 3,0
RNPP №1 2,7 0,29 0,04 0,005 0,010 18,3 3,1
RNPP №2 2,5 0,23 0,04 0,005 0,010 17,9 3,5
RNPP  №3 2,6 0,26 0,042 0,005 0,012 13,9 3,2
ChNPP №1 2,5 0,22 <0,04 <0,005 0,011 18,2 2,89
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Limits of the primary circuit

Parameters
Limit Deviations from limits

The first 
level

The second 
level

The third 
level

Chloride  mg/kg <0,1 - 0,1-0,2 > 0,2

Fluoride  mg/kg <0,1 - > 0,1 - 0,2 > 0,2

Oxygen, mg/ kg <0,005 0,005- 0,02 >0,02 - 0,1 > 0,1

Hydrogen, mg/kg 2,2-
4,5

> 4,5 - 7,2  
<2,2 - 1,3

>7,2 - 9,0  
<1,3 - 0,5

> 9,0 
<0,5

The sum of 
alkaline metals 

Zone A Zone В
and C Zones D and E Zone F

Permissible time 
to operate with a 
deviation 

7 days 24 hours Stopping the 
unit 

Diagnostic parameters
Parameters Limits

Ammonia, mg/kg > 3,0
Iron, mg/kg <0,05
Copper, mg/kg  <0,02
Nitrate, mg/kg  <0,2
Organic carbon, mg/kg <0,1
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Dependence of total concentration of ions of alkaline 
metals (K, Lithium, Na) from the current concentration of a boric acid. 

 

 
 

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

0.55

0.60

0.65

0.70

0.75

0.80

0 1 2 3 4 5 6 7 8 9 10 11 12

Сoncentration of a boric acid, г/kg

2,2 6,2 7,8 11,4

Optimum line
Zone C 7 days 

Zone E  24 hours 

Zone AZone B 
7 days 

Zone F  s/d 

Zone D 24 hours 



9

WCR of the primary circuit

During 2001 no breaking of WCR of the primary circuit were fixed.
According to normative requirements, being in use the concentration 
of dissolved hydrogen in the primary circuit has to be supported at 
2,2-4,5 ppm. It is needed to suppress radiolysis of heat-carrier in 
reactor core, to support the concentration of dissolved oxygen less 
then 5 ppb and to provide the needed conditions for the highest as 
possible decreasing of corrosion intensity of the primary circuit 
components. 

On some units there were deviations of concentration of oxygen 
within the limits of 5-20 ppb therefore is necessary the on-line control 
of concentration of oxygen and hydrogen. We also hope replacement 
of ammonia by hydrogen to have an opportunity fast regulation of
concentration of hydrogen and decrease concentration of oxygen 
form water radiolysis.
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4. THE EXPERIENCE OF IMPROVEMENT OF SECONDARY WATER 
CHEMISTRY (SWC) 

Ammonia-hydrazine SWC regime being introduced from the beginning of 
operation of Ukraine′s NPPs, has essential lacks which result in formation and 
accumulation of products of corrosion constructional materials in SG and, 
first of all, on thermal exchange surfaces, than creates conditions for 
corrosion-active impurity and, as consequence, there is the corrosion damage 
of SG tubes. Corrosion damage of SG tubes on units № 1,2 SU NPP, №3 RNPP 
are near to level when replacement of SG is needed. It testifies the necessity of 
radical actions on the organization and control of SWC. 

Within the framework of project U1.02/95А under the program ТАСІS 
experts of the European Commission recommended for SU NPP the 
introduction of SWC with processing a feedwater with advanced amine -
morpholine.

The application of advanced amines for correctional processing of a 
feedwater allows to raise the value of рН of the heat-carrier of the second 
circuit without harming the copper alloys and thus to reduce speed of 
corrosion of copper and iron alloys.

For stable maintenance of рН in the fixed limits morpholine instead of 
ammonia one was used.

Now in Ukraine 5 units with reactors WWER-1000 with morpholine SWC 
are operation.
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Limits of the second circuit

Parameters
Conden-

sate
Feed-
water

Blowdown
water 

Steam

рН at 25ºС, 
- 9,0±0,2 8,0-9,2 -

Electric
conductivity

µS/sm
<0,35 <0,3 <5,0 <0,3

Sodium, mkg/kg <2,0   - <300 -

Chloride, mkg/kg - - <100 -

Sulfate mkg/kg - - <200 -

Iron, mkg/kg - <15 - -

Copper, mkg/kg - <5 - -

Oxygen, mkg/kg <30 <10 - -

Hydrazine mkg/kg - > 40 (10) - -

Morpholine mg/kg 3-6
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In accordance to the processing of SU NPP on trial operation of 
the power unit №1 with conducting morpholine SWC during 

above 300 days (from september, 2001 to july 2002):

The average concentration of products of corrosion for 
all accounting period had made on iron – 4,5 ppb, 

on copper - 1,1 ppb;

For one year on the one unit the decrease in direct 
operational expenses for maintenance of WCR in comparison 
with hudrasine-ammonia WCR on 80 thousand dollars is 
achieved.

Magnetic mechanical filters had been working during 72 
days (24 % of an operating time of the unit);
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Morpholine SWC

The negative influence of morpholine SWC is not revealed on a 
condition of the equipment and process of maintenance SWC. 

At the same time the trial commercial operation of morpholine
SWC had shown, that for the maximal effect from application of 
this SWC the higher culture of operation is needed, providing:

the decrease of concentration of oxygen in water of the second 
circuit up to minimally achievable levels;

revealing at early stages and quickly elimination of leakings of 
cooling water in condensers and other polluting streams;

the improvement of the chemical control over the concentration 
of oxygen, organic acids, products of corrosion, sulfates;
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5. THE ORGANIZATION OF DIAGNOSTICS FOR WATER 
CHEMISTRY.

The diagnostics for water chemistry on NPP is organized 
according to requirements of chemical specifications. 

On- line control of the primary circuit.

On all NPP units the on-line control of a boric acid concentration 
is completed. On other parameters (pH, hydrogen, oxygen) the on-
line control is implemented according to the authorized plan. 

Concentration of a boric acid influences nuclear safety and its 
on-line control is obligatory.

Concentration of oxygen and hydrogen, size рН influence 
corrosion of metal of the first circuit. On-line control of hydrogen  
is obligatory. On-line control of oxygen and рН is recommended.
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   Minimally necessary volume and periodicity of chemical control the 
heat-carrier of the primary circuit  

Periodicity Parameters   Grab sampling 
Boric acid On - line Once / day (if loss on - line) 
Hydrogen On - line once / day (if loss on - line) 

рН On - line once / day (if loss on - line) 

Oxygen On - line  three times/  week  
(if loss on - line). 

Chloride    once / day 
Fluoride   once / week 

Potassium  once / day 
Lithium   once / day 
Sodium   once / day 

Ammonia   three times / day 
Iron   once / week 

Copper  once / week 
Organic carbon   once / week 
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Minimally necessary volume and periodicity of chemical 
control of additional waters of the primary circuit 

 
Periodicity Parameters  

 Grab sampling 

 рН On - line  three times / day 
(if loss on - line) 

Dissolved 
oxygen On - line once / day  

(if loss on - line) 
Ammonia   three times / day 

Chloride - ion   three times / day 
Sodium  once / day  
Silica    once / week  
Iron   once / week  

Organic carbon   once / week 
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On- line control of the secondary circuit.

There are some systems of the on-line control of the 
secondary circuit. The on-line chemical control is entered 
into operation, all means efficient and carring out the 
functions according to projects. However, the instrumental 
park of the on-line control is greatly obsolete and demands 
replacement. 

The amount of on-line control of WCR for the second 
circuit more than for the primary circuit is established in 
connection with breach WCR bringing to decrease of electric 
capacity of the unit and underproduction of electric energy. 
There were three breach in 2001. On line control allows to 
find out and eliminate quickly the reasons of breach so to 
reduce losses of manufacture of electric energy, to raise 
reliability of work of the equipment.
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The recommended volume of the on-line control of the second circuit
 

№ Place of test Parameters Measurement range
1 Condensate of turbines ΔX, µS/sm 2,5 ÷0÷2,5   
 
2 

Condensate   
before purification 

 Хн, мкСм/sm 
 [O2], mkg / kg 
 [Na], mkg / kg  

0,1-10,0 
1-100 
1-50 

3 Condensate after 
purification

Хн, µS/sm 
[Na], mkg / kg  

0,1-0,5 
1-30

4 Condensate after LP 
heaners 

[O2], mkg / kg  1-50 
 

5 Feedwater after deaerate [[O2], mkg / kg  1-50 
 

6 Feedwater after HP 
heaners 

 

Хн, µS/sm 
 рH 

[Na], mkg / kg  
[Cl], mkg / kg  

0,2-1,0 
6,0-10,0 

1-20 
1-10 

7 Steam Хн, µS/sm 
[Na], mkg / kg  

0,1-1,0 
1-20 

8  
Blowdown water after  SG

Хн, µS/sm 
[Na], mkg / kg  
 [Cl], mkg / kg  

 рН,  

1-30 
50-1000 
50-1000 
6,0-10,0 

9 Blowdown water after 
purification 

X, µS/sm 
[Na], mkg / kg 

0,1-1,0 
1-100 

10 Blowdown water bifore 
deaerater 

Хн, µS/sm 0,1-1,0 
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Chemical information systems of representation of 
parameters is introduced on ZNPP and SU NPP.

Chemistry information system and semi-expert system of 
WCR is intended for collection, primary processing of 
parameters of the chemical control entered 
automatically, parameters of grab samples analyses 
entered by the operator, their breaches,  statistical 
processing and registration as  daily, monthly reports 
and reports of breaches, and also for display of the 
current values of the accepted and calculated parameters 
to fragments of windows and deliveries to the operator of 
advice on conducting WCR on the symbolical display.
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6 IMPRUVMENT OF THE CHEMICAL CONTROL

The problem of reconstruction of the on-line control and the 
laboratory chemical control on Ukraine NPPs is very actual. 

In 2001-2002 a number of devices of the on-line control was replaced 
and mounted again and the first were devices of the control of 
concentration of oxygen (production of firm "Swan"). A number of new 
devices of the laboratory chemical control was complited.

The significant amount of devices of the chemical control was put on 
SU NPP under program TACIS U1.02.95A. The Firm ELTA has provided to 
Ukraine devices for the control of oxygen, sodium, chlorides (production 
of firm "Cita") for the second circuit. The newest devices are equipped 
with computers, which are capable to process, to memorize and to give 
out the information.

“The Program of development, modernization and introduction of 
systems and devices of the on-line and laboratory chemical control over 
NPPs of Ukraine on 2002-2006” is developed and authorized on 
December, 17, 2001“.
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The program stipulates the creation of systems of on-line 
control as being the component of the monitoring system 
and management of WCR and should be carried out 
according to such stages:

introduction of means of the on-line control: 
unreliable devices replacement, adding new 
instrumentation;

formation of system of representation of WCR”s 
parameters; 

formation of system of breach diagnostics on the 
basis of the current operational data and the retrospective 
analysis;
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TACIS U1.02/98A 
“Introduction of the monitoring system…”

The considerable aid to Ukraine in the organization of the chemical 
control on SU NPP European Union plans to carry out within the 
framework of long-term project TACIS U1.02/98A «Introduction of the 
monitoring system and conducting WCR of the first and second circuits 
and the auxiliary systems influencing safety».

The budget of the project makes approximately 10 million Euro. The 
project will consist of three parts: 

- the system of measurement of boric acid  concentration;
- the expert monitoring system of WCR diagnostic;
- the replacement of system input of ammonia by  input of 

hydrogen.

The custom-made specifications are coordinated. In 2003 should 
pass the tender and realization of the project will begin. The term of 
realization of the project is three years.
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he purposes of the project:

improvement of the control of concentration of a boron acid at all 
modes of operation (normal operation, change of capacity, stop and 
emergency modes);

performance of on-line controls of concentration of the boron 
acid, based on a principle of absorption neutrons;

prevention of the non-authorized input of a clean condensate in a 
solution of a boron acid in all modes of operation;

improvement of process of measuring of a boron acid (stability of 
measurement, reliability, time of data processing, reduction of amount 
of radioactive waste products);

decrease of dozes  on the NPP”s personnel;

replacement of input of ammonia by input of hydrogen in the heat-
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The planning and financing of control systems and WCR 
conducting of the first and second circuits is performed on 

three basic directions:

- “The Program of development, modernization and 
introduction of systems and devices of the on-line and 
laboratory chemical control Ukraine NPPs in 2002-2006”

- within the framework of the long-term project TACIS 
U1.02/98A «Introduction of the monitoring system and 
conducting WCR of the first and second circuits and the 
auxiliary systems influencing safety»;

- within the framework of the construction of new units on 
ChNPP and RNPP.



UKRAINE, NNPGC «ENERGOATOM»
IMPROVEMENT OF THE WATER CHEMISTRY AND 

CONTROL SYSTEMS

IAEA,  3 CRP-DAWAC 
BEIJING - 2004



UKRAINIAN        NPPsUKRAINIAN        NPPs

Now in Ukraine 4 NPPs with 11 units of WWER-1000 
type reactor and 2 WWER-440 are in operation: 

- having the total installed capacity of 11835 MW(e), 
- which correspond to 22.7% of electricity generating

capacities in the country,  
- provide 51% of electricity producing in 2003.  
 Two WWER-1000 type units (KhNPP-2, RNPP-4) are 

under final stage of construction and its commissioning is
expected in 2004.  

 
 In august 08. 2004 Unit 2 of  KhNPP was Startup  
and Low Power Testing is now. 



CHEMICAL SPECIFICATIONS

Currently the water chemistry at the Ukrainian NPPs is
organized and controlled in accordance with the
requirements of following chemical specifications: 

− GND 95.1.06.02.001-02 “WWER-1000 nuclear power 
reactors primary coolant. Technical quality
requirements. Means of assurance”; 
− GND 95.1.06.02.003-02 “WWER-440 nuclear power 
reactors primary coolant. Technical quality
requirements. Means of assurance”; 
−  GND 95.1.06.02.002-04 “WWER type reactor NPPs'
secondary water chemistry. Technical requirements to
medium working quality. Correction treatment by the 
hydrazine-hydrate, morpholine and lithium hydrate”. 

 



IMPLEMENTATION OF 
1 & 2 CRP-DAWAC RESULTS

The elaboration and implementation of chemical
specifications and plans for modernization of the
chemical control systems was carried out during 2003-
2004.   

The materials and recommendations of the 1st and 
2nd Research co-ordinated meeting in the framework of 
the Co-ordinated Research Project “Data processing
technologies and diagnostics for water chemistry and
corrosion in nuclear power plants” where taking into 
account. 
 



IMPRUVEMENT OF THE CHEMICAL TECNOLOGIES

The improvement of the chemical technologies is carried out in
accordance with "The program of reconstruction and modernization of
the chemical production unit equipment and development of the
chemical technologies in 2003-2007". Program foresees the
implementation of following measures: 

• improvement of the primary circuit water-chemistry with the 
substitution of ammonia by hydrogen gas dosing system; 

• improvement of the secondary circuit water chemistry with the
correction treatment by the advanced amines; 

• improvement  of the auxiliary circuit water chemistry; 
• reconstruction and modernization of the water chemistry

purification systems; 
• reconstruction and modernization of the chemical and

technological equipment in the chemical production unit; 
• elaboration and commissioning of the chemistry control and 

diagnosis expert systems;   
• modernization of the laboratory chemical control systems.  



THE COMPLEX APPROACH

The experience of the chemical technologies improvement testifies that
complex approach to introduction of new chemical technologies.
diagnostics of water chemistry and corrosion control leads to the upgrading
of safety and reliability levels of NPPs.  

This work was executed for the second circuit and gave such results: 
• сoncentration of the dissolved oxygen in condensate has been

diminished from 30 - 35 ppb to 2 -10 ppb; 
• concentration of iron oxides  in the feedwater of steam generators

(SG) has been diminished;  
• the amount of contaminations in SGs has been diminished; 
• the pH rate of the blowdown water of SGs have been increased; 
• the positive tendency of diminishment of SGs  heat-exchange tubes 

defects amount have been set; 
• operating costs have been diminished for 100,000 $/year for one 

unit due to reduction of chemical reagents consumption. 
 



IMPROVEMENT OF SECONDARI WATER CHEMISTRY

Standard type of secondary chemistry at WWER plants with low  
pH 8.8 – 9.2 has led to significant copper and iron oxide deposition in

steam generators (SG).  
Morpholine secondary water chemistry was tested and implemented at

South Ukraine and Zaporozhe WWER-1000 plants to increase SG
reliability.  

At first morpholine secondary water chemistry was tested at South
Ukraine NPP in 1998 in the framework of the TACIS program. Feedwater
morpholine concentration was about 3 ppm. while hydrazine content was
reduced to 5-10 ppb. 

Morpholine injection rate was about 1 kg/day. SG blowdown water pH
value increased from 7.5-8.2 up to 8.8-9.2.  

Investigations in the hideout return process have shown that morpholine
chemistry reduced impurity accumulation in SGs.  

Morpholine secondary water chemistry  allowed to reduce feedwater
copper from 2 – 3 to 1.4 - 1.6 ppb and iron concentration has been reduced
twice due to pH optimization in steam-water cycle.  



IMPROVEMENT OF SECONDARI WATER CHEMISTRY

The implementation of mofpholine secondary water
chemistry instead of hydrazine-ammonia or lithium-
borate chemistries  has significantly reduced such
parameters, as: 
 

- corrosion and erosion of structural materials;  
 

- corrosion products sedimentation in SGs; 
 

- SG tubing degrading rate;   
 

- number of required for SG chemical cleanings. 
 

5 units with reactors 
WWER-1000 with morpholine SWC 

are in operation in Ukraine now. 



IMPROVEMENT OF SECONDARI WATER CHEMISTRY

- Chemical control,  
- Eddy current testing pipes of SGs,  
- analysis of results of the chemical cleanings and corrosion

inspection of SGs,  
- the quantity analysis of leaking cooling primary circuit to

the secondary circuit  
showed advantages of morfoline water chemistry instead of
traditional water chemistry. 

 
Morpholine SWC requires, however, reliable diagnostics

of water chemistry and reducing of the water leaking to
turbines condensate.  
 



Mid-annual values of chemical parameters of the secondary circuit in 2003 
Feedwater Blowdown water 

N2H4 рН О2 Fe Cu Morf Cl Na рН Хн Li SO4 
 

Units 
ppb  ppb ppb ppb ppm ppb ppb  µS/sm ppb ppb 

Norms  8.8-9.2 ≤10 ≤15 ≤5.0 2-5 ≤100 ≤300 8.0-9.2 ≤5.0 20-80 ≤200 
ZNPP             
№1 61 9.0 6.0 11.1 1.3 - 42.0 34.0 8.7 1.9 38.0 82.0 
№2 62 9.1 5.0 9.63 1.2 - <40 47.0 8.7 1.9 41.0 86.0 
№3 22 9.0 1.7 8.1 1.3 - 41.0 34.0 8.7 1.6 41.0 88.0 
№4 22 8.95 0.4 8.4 1.6 3.1 49.0 101 8.8 3.2 43.0 114 
№5 39 9.1 1.2 9.4 1.3 2.7 <40 35.0 8.7 2.4 48.0 71.0 
№6 45 9.0 5.1 11.4 1.1 - 40.0 35 8.7 1.6 50.0 81.0 

SU NPP             
№1 7.9 9.15 1.65 4.7 1.4 3.15 45.5 95.0 9.1 3.35 - 137.5 
№2 9.6 9.1 3.2 5.0 1.8 2.55 45.2 99.2 9.0 3.5 - 158.5 
№3 5.9 9.1 10 5.0 1.4 2.6 40.0 695 8.9 3.0 - 130.2 

RNPP             
№1 147 9.0 9.0 10.4 2.0 - 43.2 44.6 8.6 2.5 39.3 24.9 
№2 98 9.0 10 11.0 2.1 - 41.8 28.4 8.5 1.87 27.8 63.0 
№3 66 9.0 10.3 9.0 2.5 - 41.4 44.4 8.3 3.0 18.4 109.3 

KhNPP             
№1 99.3 9.03 4.66 11.25 <2 - 41.1 28.4 8.75 1.3 - 37.6 

SU NPP with morfoline secondary water chemistry has the lowest concentrations of iron and hydrazine of  
feedwater and comparatively high pH rate of feedwater and blowdown water.
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Iron oxide concentration in SG FW. Unit 5 ZNPP. 
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Internal examinations of SGs of SU NPP shows the impurity
accumulation reduce in SGs to the method sensitive level of
measuring      –      25-30 g/m2. 

 
 Shutdown of SU NPP units by reason of the leaking cooling

primary circuit in the secondary circuit are increased: 
 
2000 – 4 shutdowns; 
 
2001 – 1 shutdown; 
 
2002, 2003, 2004 – none shutdown. 
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The modern devices of secondary chemical control were brought into 
operation according to the minimally necessary volume of the on-line control 
within last three years  

Test place   Parameters Measurement 
range 

Condensate of turbines [O2] 
 

1-1000 ppb 

Condensate after LP 
heaters 

[O2]  1-50 ppb   
 

Feedwater  after deaerate   [O2]  1-50 ppb   
 

Feedwater after HP heaters
 

Хн.  
 рH 

0.2-1.0 µS/sm 
6.0-10.0 

 
Blowdown water after  SG 

Хн.  
[Na]  
рН.  

1-30 µS/sm 
50-1000 ppb 

6.0-10.0 
Blowdown water after 

purification sistem 
Хн.  

 
0.1-1.0 µS/sm 

and caused the certain improvement of water chemistry. 



Modern devises of secondery chemical on-line control. ZNPP



Modern devises of secondery chemical on-line control. ZNPP
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Chemistry control systems allow to analyze the different
chemical parameters and to forecast their changes. 

 
Analysis of different chemical parameters  
 

• during normal operation,  
• in case of  units' shutdown  (hade out return process)  

 
allow to calculate pH(t) and to choose the most optimum WC

for diminishment of corrosion speed. 
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 Influence of oxygen concentration  on conductivity (Хн) of  condensate and 
feedwater. ZNPP-5, morfoline WC. 
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pH(t)  for the different chemical regimes 
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WATER CHEMISTRY OF THE PRIMARY CIRCUIT

Mid-annual values of chemical parameters of the first circuit in 2003 
Unit Parameters of the coolant 

 Boron K+Na+Li Cl + F Oxygen Fe+Cr+Ni Ammonia Hydrogen 
 g/kg mmole/ kg mg/kg mg/kg mg/kg mg/kg mg/kg 

Norms - 0.036-0.5 <0.1 <0.005 <0.05 > 3.0 2.2 -4.5 
ZNPP        
№1 3.1 0.22 <0.04 <0.005 <0.01 9.05 2.44 
 №2 3.78 0.25 <0.04 <0.005 <0.01 8.98 2.45 
 №3 3.47 0.24 <0.04 <0.005 <0.01 10.0 2.47 
 №4 3.13 0.246 <0.04 <0.005 <0.01 10.5 2.4 
 №5 3.5 0.207 <0.04 <0.005 <0.01 10.9 2.4 
  №6 2.9 0.213 <0.04 <0.005 <0.01 11.0 2.4 

SU NPP        
№1 2.49 0.18 0.04 0.005 0.015 14.8 2.8 
 №2 3.08 0.23 0.04 0.005 0.015 14.5 2.6 
 №3 2.8 0.18 0.04 0.005 0.015 15.2 2.4 

RNPP        
№1 2.92 0.27 0.04 0.005 0.011 12.3 2.7 
 №2 3.1 0.24 0.04 0.005 0.010 13.38 3.0 
  №3 3.48 0.23 0.04 0.005 0.010 8.76 2.9 

KhNPP  
№1 

2.83 0.219 <0.04 <0.005 0.01 14.6 2.7 

On Ukrainian NPPs the stable water chemistry of the primary circuit is provided.  
 



WATER CHEMISTRY OF THE PRIMARY CIRCUIT

The improvement of water chemistry of the primary circuit began 
on SU NPP in the framework of project TACIS U1.02/01A.  

 
Technical specifications of the project are ratified.  
The tender on the choice of supplier is held now.  
 
The scope of the project is the design, supply and installation of

systems aiming at improving the primary and secondary water
chemistry of South Ukraine NPP, Units 1, 2 and 3, namely:  

 
• Substitution of Ammonia by Hydrogen gas dosing system; 
• Boron concentration control monitoring system; 
• Automatized chemistry control and diagnosis expert system

–   Data Acquisition and Processing System (DAPS).  
 

 
 

 



SUBSTITUTION OF AMMONIA BY HYDROGEN GAS DOSING SYSTEM

In the framework of the three years Program at SU NPP,
it is proposed to substitute the ammonia dosing by pure 
hydrogen gas dosing with the objective  

 
• of achieving quick hydrogen concentration control

during start-up and shutdown phases of the plant  
 

• to significantly reduce the production of radioactive
wastes.   

 
 

 

 



Hydrogen gas dosing systemHydrogen gas dosing system

Deaerator

Р = 5кg/сm2,
Qmax = 7 m3/hour

Water after SVO-2Electrolyzer  (Н2)

Saturation
tank, V=4m3

Р=5кg/сm2

Dosing pumps

Booster Pump 



SUBSTITUTION OF AMMONIA BY HYDROGEN GAS DOSING SYSTEM

The proposed system is designed so as to:  
 
• enable the hydrogen dosing into the reactor coolant system  with

maximized flexibility and minimize interference with the existing
cooling purification systems;  

 
• achieve the required hydrogen concentration taking into account 

the hydrogen losses via the leaks. the boron dilution during
normal operation and the hydrogen losses via the  deaerator; 

 
 

• achieve the minimum required hydrogen concentration during
the starting phase of the Unit (2.2 ppm) and to perform the 
primary system degassing during the plant shutdown in less than
24 hours. 

 
 



Boron concentration control monitoring system.

The part of project "Boron concentration control monitoring
system" will focus on the upgrading of the boron concentration
monitoring capability during all modes of operation (normal
operations, power transients, shutdown and accidental conditions). 

Continuous monitoring of boron concentration enables a rapid
response to reactivity disturbances and plays an important role in
nuclear reactor control and safety. 

The objectives of the project are: 
• to perform on-line neutron absorption boron concentration

measurement, 
• to prevent spurious boron dilution during all modes of operation.
• to improve the boron measurement performances (measurement

stability,    
• accuracy,  reliability, response time, quantity of effluents to

waste),  
• to reduce NPP operators’ exposure to radiation. 



Boron concentration control monitoring system.

The proposed modernization includes the installation. in each Unit. of 
three fully redundant neutron absorption boron-meters of a type similar to 
those installed in Western NPP's,  characterized by: 

• a measurement range up to 20 g/l boric acid; 
• a better accuracy: less than 3 % of the measured value; 
• an automatic temperature and neutron source ageing

compensations; 
• a response time less than 2 minutes; 
• an insensitivity to the gamma activity of the environment or of the

sampled stream; 
• a minimized maintenance requirement; 
• a remote calibration and operation; 
• the recycling of the sampled stream to the primary system (via, for

example, controlled leaks collection tank), to avoid the production
of liquid wastes; 

• the independent supply of power from safeguard busses.  
 

 
 



Boron concentration control monitoring system.

Measurement points are selected according to the following 
criteria: 

 
• they are directly linked to the primary circuit;  
• they enable to improve boron concentration monitoring

during all modes of operations 
 

Under normal conditions, one new boron-meter will be used to 
monitor the boron concentration either in the reactor vessel from two
different sampling points, or in the pressurizer, while a second new
boron-meter will monitor the boron concentration in the makeup water
to the primary coolant pressurizer. 

 
A third boron-meter will be dedicated to the boron measurement in 

the reactor shutdown system.  
 

 



Boron concentration control monitoring system.

The sampling arrangements to the boron meters will be such that
each boron-meter will be capable to monitor all sampling points using
two remotely controlled selectors.  

 This arrangement provides each Unit with full redundant
monitoring capabilities. 

 
The measurement points to be monitored under the project are the 

following: 
 

• Reactor core: 2 sample points; 
• Pressurizer: 1 sample point; 
• Shutdown system: 3 sample points (1 per train); 
• Makeup water: 1 sample point downstream the make-up 

deaerator. 
 



Data Acquisition and Processing System (DAPS)

The basic functions of the proposed new system for data
acquisition and processing are: 

 
• the acquisition of important chemistry and process

parameters, their processing, storage and display; 
• the comparison of the measured parameters with the

standard values; 
• the generation of alarms when the set-points are either 

reached or approached; 
• the diagnostic analysis for revealing the causes of

deviations from controlled chemistry parameters in
order to timely warn the operators about the requested
corrective actions. 

 
 

 



Data Acquisition and Processing System (DAPS)

These various functions will be performed by the DAPS and 
will require the procurement of new material:  

 
• chemical monitors for the acquisition of the parameters

which are not available by the existing monitoring
system.  

• an Expert System for the diagnosis of the deviation of 
chemical parameters from their assigned ranges of
values.  

• The Expert function will be implemented by processing
the chemistry parameters using logic algorithms, which
will take in consideration the various parameters
involved in the deviations.  

 
 

 



Data Acquisition and Processing System (DAPS)

Warning of the operators about the chemistry parameters changes,
their causes and necessary corrective actions shall be made in real time,
if necessary, particularly, in relation to safety related parameters (boric
acid concentration) or in case of sensitive equipment to be protected
(steam generators). 

 
The proposed improved chemistry monitoring system is

determined by the nature of equipment to be protected in the primary
and secondary circuits, and by the events that could lead to chemistry
deviations detrimental for this equipment.  

 
This will lead to the choice of the most relevant chemical

parameters to be monitored in those systems and to the additional
equipment and sampling points necessary to achieve the requested
protection. 
 

 



Data Acquisition and Processing System (DAPS)

The following equipment is considered critical in terms of
safety and operation of the units and must be protected against
chemistry parameters deviations: 

 
Primary circuit:    Fuel Assemblies; 
                    Steam Generators. 
 
Secondary circuit: Steam Generators; 
                    Turbine. 
  
 

 
 

 



Data Acquisition and Processing System (DAPS)

The following events could potentially lead to chemistry
deviations which could be detrimental for the above equipment: 

 
Primary circuit: 

• inadequate boric acid concentration control; 
• inadequate hydrogen and oxygen control; 
• inadequate alkalinity control; 
• inappropriate ion-exchange resins  
   operation (regeneration. cleaning. loss of resins); 
• out of spec make-up water. 

 
 

 

 



Data Acquisition and Processing System (DAPS)

The following events could potentially lead to chemistry
deviations which could be detrimental for the above equipment: 

Secondary circuit: 
• condenser inleakages; 
• excessive oxygen ingress; 
• poor quality of make-up water; 
• inappropriate operation of condensate polishing system 

and SG blowdown water purification plant
(regeneration, cleaning, loss of resins); 

• excessive ingress of corrosion products into steam
generators, mainly from   the biphase flow equipments
and lines. 

 
Realization of this project will be executed in the term of 

subsequent three years. 
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Limitations of HWC Models 
 
Anders Molander 
Katarina Pein 
Mats Ullberg 
STUDSVIK NUCLEAR AB 
 

Introduction 
The purpose of Hydrogen Water Chemistry (HWC) in Boiling Water Reactors (BWR) is to lower the stainless 
steel Electro-Chemical Potential (ECP) to < -230 mV SHE. HWC has negative side effects in some BWRs and it 
may be important to inject as little H2 as possible. The ECP will then vary from one location to another and a 
computer model is needed to predict the ECP at locations where it is not measured.  
 
Presently, there are two HWC/ECP-models in Sweden, one developed by ALARA Engineering/ Advanced 
Nuclear Technology Sweden and one by Studsvik Nuclear. An improved, common model is currently in 
development. The development of the improved model is sponsored by the Swedish Nuclear Power Inspectorate 
and the utilities Barsebäck Kraft AB and Ringhals AB. Model development is divided into three phases. 
 
• Identification of a calibration data set including both plant data, data from in-plant experiments and data 

from laboratory experiments. 
 

• Further development and calibration of the electrochemical submodel. 
 

• Calibration and test of the final model. 
 
Presently, the first phase is near completion. Some more general results of this investigation are presented below. 
 

Data features 
The main parameters of current Swedish ECP-models are H2 injection rate, recirculation flow rate and reactor 
power level. Two natural and important questions to ask are the following. 
 
• Are these parameters sufficient to determine the ECP value? 

 
• How sensitive to errors in input data are the ECP values computed by the model? 
 
The present study attempts to illuminate these questions. 
 
One of the main observations concerns the relationship between hydrogen injection rate and measured ECP 
value. 
 
In general, ECP values are stable at high potentials and at low potentials, close to that of the hydrogen electrode. 
In the intermediate region the potential changes more rapidly with plant parameters, such as hydrogen injection 
rate. An example of this type of behaviour is shown in figure 1 (plant A). Here, a small reduction of the H2 
injection rate results in a large effect on the low ECP value measured in the residua heat removal system and a 
much weaker effect on the higher potential measured in the recirculation system. (The reason for the lower 
potential in the residual heat removal system, as compared to the recirculation system, is a combination of 
hydrogen peroxide decomposition in the piping system and a lower flow velocity.) 
 
Another example of large effects on the ECP value caused by minor adjustments of the H2 injection rate is 
shown in figure 2 (plant B). It is seen from the figure that an adjustment of the H2 injection rate by less than 
±10% induces a change of potential value by more than 100 mV. 
 
Another interesting observation concerns the temporal variations of the hydrogen injection rate required to 
maintain a constant ECP value. 
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Figure 1. Influence of reduced hydrogen injection rate on ECP values measured in the recirculation system (313) 
and the residual heat removal system (321), respectively, in plant A. 
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Figure 2. Influence of small changes in hydrogen injection rate on ECP value measured in the residual heat 
removal system (321) of plant B. Note the scale of hydrogen injection rate.  
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At the end of one of the cycles studied, the ECP value in the recirculation system in plant A increased 
significantly, figure 3.  
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Figure 3. The ECP value in recirculation system (313) of plant A increases despite constant H2 injection rate, 
recirculation flow rate, and reactor power level. Note the expanded scales. 
 
 
 
During a period of three weeks the ECP value increased by approx. 100 mV, despite constant hydrogen injection 
rate, recirculation flow rate, and reactor power level. The present Swedish ECP models predict a constant ECP 
value under these conditions. 
 
A related behaviour was noted in plant C, figure 4. This plant has operated at an ECP value in the recirculation 
system slightly below –300 mV SHE for four consecutive fuel cycles. Despite the same recirculation flow rate 
and reactor power level, the hydrogen injection rate required to maintain this ECP value varied by more than a 
factor three from one fuel cycle to another. 
 
HWC relies on a recombination reaction in the downcomer. The recombination reaction requires radicals to 
proceed. These radicals are produced by radiation, mainly  γ-radiation. The dose rate in the downcomer is to a 
large extent determined by the power level in the core periphery. The power level in the core periphery normally 
decreases during each fuel cycle. It also varies from one fuel cycle to another. As an example, the variation of 
the relative power level in the core periphery in plant C is shown in figure 5. From a comparison of figures 4 and 
5, it is seen that there is a clear (anti-)correlation between the hydrogen injection rate and the mean power level 
in the core periphery. Further evidence of correlation is given in figure 6. In this figure, we have plotted the 
hydrogen injection rate as well as the mean power level in the core periphery raised to the power –2.8. Evidently, 
there is a reasonably good correlation during the first few years. (Some deviating points are due to increased 
recirculation flow rate.) On the other hand, during the last two fuel cycles the fit is not so good. This may be 
taken as an indication that there are still effects that are unaccounted for by the model parameters. One possible 
such effect could be due to the fact that there is a considerable variation in the power level of the fuel elements in 
the core periphery and, thus, azimutally in the downcomer. This variation may not be the same from one year to 
another, even if the mean power level in the fuel periphery remains constant. The amount of oxidants that passes 
the downcomer depends on the extent of the regions with a low dose rate. 
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Figure 4. HWC operation during four cycles in plant C. Note that the hydrogen injection rate varies by more than 
a factor of three despite constant ECP value, recirculation flow rate (HC-flöde), and reactor power level. 
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Figure 5. Mean power level in core periphery during seven fuel cycles in plant C. 
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Figure 6. Hydrogen injection rate (hydrogen level in feed-water) and correlation with the mean power level in 
the core periphery raised to the power –2.8 (“Randeff”). 
 
 

Model consequences 
To account for the strong influence of the power level in the core periphery there are two alternatives. 
 
1. Introduce new model parameter(s) that are regularly updated from core management codes and 

measurements. 
 

2. Calibrate the ECP-model continuously against measured ECP value(s). 
 
The first alternative obviously makes the ECP-model complicated to use. It also results in poor accuracy. The 
latter can be understood from the following argument. We have seen that: 
 
• There is a strong coupling between the power level in the core periphery and the hydrogen injection rate. 

 
• There is a strong coupling between the hydrogen injection rate and the ECP value. 
 
Our quantitative information about these relationships allows us to estimate how an error in the power level in 
core periphery propagates to give rise to an error in ECP value. Assume that the mean power level in core 
periphery can be given with as high accuracy as 1% of the core mean power level. Assuming a relative power 
level of 0.3 in core periphery, this translates into a relative error of 3.3% in the core periphery power level. From 
the correlation in Figure 6, the corresponding model error in H2 injection rate may be estimated as 2.8*3.3% =  
= 9%. From Figure 2, we infer that an error of this magnitude in H2 injection rate may well give rise to an error 
in ECP value in excess of 100 mV. 
 
The second alternative has a quite different consequence. This alternative implies that the model is needed only 
to extrapolate the ECP value from one point to another. Only the electrochemical part of the model is then 
necessary outside the core region. 
 

Conclusion 
We have found that in this particular case, a comprehensive computer model cannot replace measurement. It is 
therefore recommended to continue to develop and use ECP measurement to monitor HWC. 



Beyond EXCEL - Analysis of crud data

Mats Ullberg
Studsvik Nuclear AB



Swedish BWR fuel-crud database
• Data collected since late 1970-ies

• 25000 records in the database
• 3500 crud samples analysed
• 135 fuel elements sampled

• The database should contain interesting information.
• How to find the information in the data?



Go beyond EXCEL!
• For the past ten years EXCEL was used to plot crud 

scrape data and to calculate specific activities.
• The goal of this project was to try to extract more 

information from the data, using specialised statistics 
software.



Principal Component Analysis (PCA)
• Samples and variables form a matrix.
• Row vectors and column vectors define multidimensional 

spaces.
• To visualise multidimensional data, project on a plane 

defined by two Principal Components.
• Principal Components = orthogonal directions in data space 

with max (relative) variation of the sample ”point swarm”.
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Subset of outlying fuel-crud found
• One-year-old crud.
• High Cr-level. (Reducing environment?)
• Low specific activity of Fe. (Unstable crud.)

• What are the characteristics of the outlying crud? 
• What is the phase composition of this crud?

• Use correlation analysis.



The idea illustrated - Problem
• Consider an ordinary, moderately iron-rich BWR fuel-crud. 

From instrumental analyses, this type of crud is known to 
be composed mainly of Hematite and Nickel Ferrite.

• Where is the Co?



The idea illustrated - Solution
• The individual samples are of different sizes.
• The distribution of Hematite crud is not identical to that of 

Nickel Ferrite crud.
• An element bound to the Nickel Ferrite phase should follow 

Ni,  i.e. have a good correlation with Ni.

• Let us investigate the correlations of Co with the other 
elements.

• Plot the correlations.
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A reasonable conclusion
• The Nickel Ferrite phase contains all of the Co and most of 

the Mn.
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Cr-rich one-year-old crud
• Use correlation analysis. 
• Interpret the correlation structure of the elements to infer 

the most likely phase structure of the crud.
• Use a scatterplot matrix for quick interpretation.
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Result I
• Extremely good correlations between Fe, Cr and Ni.
• These elements should belong to one and the same phase.
• Probably a spinel of the type 

Me(II)Me(III)2O4

• Chromium substituted Nickel Ferrite?
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Result II
• Too much iron for a chromium substituted Nickel Ferrite.
• Some of the iron must be Fe(II) to form a spinel.
• Simplest assumption:  Chromium and nickel substituted 

Magnetite.



Likely explanation for outlying data
• New fuel cladding surface treatment introduced in 1980 

(cladding not pre-filmed).
• New heat treatment of fuel cladding introduced ~1984 (less 

initial corrosion).
• Initial cladding corrosion probably highest 1980--85.
• More reducing local environment on corroding cladding 

surface.
• Magnetite formation.
• Reduction of Cr(VI) to Cr(III).
• Mixed spinel may be more stable than pure Magnetite.

• Magnetite not stable in oxidizing BWR water.
• Unstable crud gives low specific activity.



Conclusion
• The Swedish crud scrape database contains interesting 

information.
• Not trivial to find the information in the data.
• This work demonstrates that statistics software is a useful 

tool. In particular, statistics software was used to:
• Give an overview of the data. 
• Identify an interesting subset of data.
• Extract phase information from the data.
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Summary 
Detailed monitoring of the secondary side chemistry in a PWR using AVT is limited by 
available resources and the number of sampling points. A model can greatly increase the 
amount of information obtained. In some cases direct monitoring is even impossible due 
to unavoidable reactions in the sampling lines. A model is then vital to monitor the 
chemistry. The Ringhals Steam ChemCalc is a comprehensive computer model based on 
thermodynamic data and on chemical engineering models for the equipment. The 
modeled parameters include oxygen, hydrazine, ammonia, acetate, formate, pH, 
conductivity, and acid conductivity. 

Introduction 
A limited number of sampling points are used to supervise the secondary side of a PWR 
plant. By interpolating and extrapolating data from these sampling points, using a 
computer model, it is possible to greatly increase the amount of available information. 
The computer model may act as a “virtual instrument” allowing new, non-measured 
variables to be calculated for the sampling points, or for the sampled variables to be 
calculated at any other point of potential interest in the turbine plant.  
 
In some cases direct monitoring is influenced by reactions in the sampling lines, or is 
even impossible due to such reactions. An example is oxygen monitoring, which is 
impossible at higher temperatures because of rapid reaction of oxygen with hydrazine. 
The reaction is believed to be largely heterogeneous. This means that the reaction rate is 
limited in large diameter process lines where the ratio of surface area to volume is low. 
However, in sampling lines the ratio of surface area to volume is very much higher. The 
rate of oxygen reduction is correspondingly higher, and the measured oxygen level in the 
sample may not at all be representative of the level at the sampling point. 
 
The Ringhals Steam ChemCalc is a comprehensive computer model based on thermo-
dynamic data for the compounds of interest and on chemical engineering models for the 
equipment. 
 



The Steam ChemCalc is not conceived as a substitute for chemists. Instead, it is designed 
to be a tool for the chemists, providing additional information and promoting an 
improved understanding. It has been found a useful aid in trouble shooting, e.g. in case  
of leaks or intrusions of organics in the make-up water. 

Scope and design of the Steam ChemCalc 
The Steam ChemCalc has a modular design. The chemistry modules may be divided into 
three classes. 
1. Kinetic expressions. 
2. Chemical equilibria. 
3. Distribution equilibria. 
 
The present chemical modules allow calculation of the following parameters. 
• Oxygen 
• Hydrazine 
• Ammonia 
• Acetate 
• Formate 
• pH 
• Conductivity 
• Acid conductivity 
 
The parameters above may be calculated in 50-60 pre-selected nodes in the turbine plant, 
see Figure 1. 
 

 
Figure 1 
Simplified schematic of the secondary side with numbered, pre-selected nodes. 



One of the most important modules is the one describing the reaction between oxygen 
and hydrazine. There is surprisingly little useful information on hydrazine in the literature. 
The following kinetic expression for the reaction of oxygen and hydrazine was given by 
Dickinson and Felgar [1] 
 
          (1) [ ] [ ] [ ]kd ⋅= 5.0

42
5.0

22 / HNOdtO ⋅
 
The data in [1] were later reanalyzed by Dalgaard and Sanford [2], who gave the 
following expression. 
 
          (2) [ ] [ ] [
 

]kd ⋅= 5.0
4222 / HNOdtO ⋅

In both cases the rate constant k is given by an Arrhenius expression (different in the two 
cases). A much lower value for rate constant was found by Feron, Lambert and Santarini 
[3]. A notable difference between the two investigations is a much larger pipe diameter in 
(3). The variable rate constant therefore probably implies that the reaction is at least 
partly heterogeneous. This situation is presently handled in the oxygen-hydrazine module 
of the Steam ChemCalc by means of a fitting parameter. 
 
Since the reaction of oxygen with hydrazine is a heterogeneous redox reaction, electro-
chemical kinetics might be used to find a generally valid rate expression: A mixed 
Potential Model (MPM) might provide not only the right kinetic expression, but as a by-
product also the ECP. (An implicit consequence of such a scheme is that the rate of the 
reaction of oxygen with hydrazine depends on the ECP.) 
 
Built-in chemical equilibria and distribution equilibria are from original sources, but data 
from the EPRI database MULTEQ may also be loaded, if available. The equilibrium 
constants are represented by polynomials in T.  
 
Due to short residence times in some parts of the turbine, distribution equilibria are not 
always fully developed. Therefore, calibration against measured data is necessary to 
optimize the model. 
 
Not every detail of the turbine plant is modeled in the Steam ChemCalc. The model is 
based on the simplified schematic of Figure 1. Modeling of the equipment is based on 
normal practices of chemical engineering. As an example, the steam generator model for 
Ringhals 4 is given in Figure 2. 
 
The computational engine is illustrated in Figure 3. In principle, the water is followed 
around the plant a number of times until convergence is reached. There is also a separate 
iterative process to determine the necessary rate of hydrazine injection to the condensate. 
A number of help routines are called during the calculations. 
 
The Graphical User Interface (GUI) is composed of a Main window, Figure 4, with 11 
menus, and a number of auxiliary windows.  
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

inmixunder

ininbdbdmixmixunderunder

FFwhere F
, CFCFCFCF

⋅+=
⋅⋅+⋅−⋅=⋅

9.0
9.0

inrecmix

ininrecrecmixmix

FFwhere F
, CFCFCF

⋅+=
⋅⋅+⋅=⋅

1.0
1.0

utunderrec

recrecututunderunder

FFwhere F
, CFCFreactedCF

−=
⋅+⋅=−⋅

inmixunder

ininbdbdmixmixunderunder

FFwhere F
, CFCFCFCF

⋅+=
⋅⋅+⋅−⋅=⋅

9.0
9.0

inrecmix

ininrecrecmixmix

FFwhere F
, CFCFCF

⋅+=
⋅⋅+⋅=⋅

1.0
1.0

utunderrec

recrecututunderunder

FFwhere F
, CFCFreactedCF

−=
⋅+⋅=−⋅

Figure 2 
Modeling of the Ringhals-4 steam generators. 
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Figure 4 
Schematic of the computational engine. 
 
 
 
The Plant Window, Figure 1, presents the simplified schematic of the turbine plant with 
the pre-defined nodal points. Right-clicking with the mouse in this window, the user can 
bring up auxiliary windows with information on flow rates and component data. A 
number of parameters may also be changed in this way. 
 
The required output information is specified in the Output Selections Window, Figure 6. 
The requested data is then presented in the Output Window, Figure 7. Data from this 
window may be easily copied into Excel for further evaluation or plotting. 



 
 
Figure 5 
The graphical user interface of the Steam ChemCalc. 
 
 
 
An Input Window, Figure 8, presents the operational parameters used in the calculation 
(except the heat balance). 
 
To enable the user to investigate in more detail the effect of a certain parameter on the 
chemistry or on the plant, there is a possibility to run the application in batch processing 
mode to generate data tables. Selecting the command Run Batch brings up the auxiliary 
window of Figure 9. Here, the parameter to vary, the interval, and the step length can be 
chosen. 
 

Future developments 
Future development of the Steam ChemCalc will be in two directions. 
• Addition of new species (new chemistry modules). 
• Improvement of plant modeling through improved equipment modules. 
 
More operational data is necessary to better model some equipment. In particular the 
model for the steam jet air ejector, which is the ammonia sink, should be improved. 
 
 
 
 
 



 
Figure 6 
The substances/quantities and the positions of interest are selected in the Output 
Selections Window. Pressing the Locate button highlights the selected positions in the 
Plant Window (Figure 1). 
 
 
 

 
Figure 7 
The Output Window contains the requested parameters calculated at the selected points 
of interest. 



 
Figure 8 
The Input Window presents the input parameters on which the calculation is based. 
 
 
 

 
Figure 9 
Auxilliary window to run the program in batch processing mode. 
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Why computer-aided monitoring?
• Not enough sampling points in the secondary system for detailed

monitoring of the chemistry. Using a model, it is possible to extend
chemistry supervision.

• Sampling lines strongly influence some important measurements, 
particularly O2.

• A model is a useful tool for the plant chemist.
• The additional data provides improved understanding.
• The model aids in trouble-shooting, e.g. in case of a leak or an intrusion

of organics in the make-up water.



Ringhals Steam ChemCalc
• Calculates O2 in final feedwater from N2H4 and O2 in condensate.
• Calculates generation and distribution of NH3.
• Calculates distribution of boric acid and of important impurities.
• Calculates pH, conductivity and acid conductivity.
• Calculations are possible for 50 preselected nodes in the turbine plant.
• In batch mode, calculates the effects of modified chemistry or operation.



Modular approach
• Chemistry modules.

• Kinetics expressions
• Chemical equilibria
• Distribution equilibria

• Chemical engineering modules.
• Computational engine.
• Graphical User Interface (GUI).



Chemistry module for O2 - N2H4

Surprisingly little basic information on O2 - N2H4 reaction in the literature.

[ ] [ ] [ ] 5.0
42

5.0
22 / HNOkdtOd ⋅⋅= Dickinson, 1952

[ ] [ ] [ ] 5.0
4222 / HNOkdtOd ⋅⋅= Dalgaard, 1982

Much lower value of k Feron, 1988

Kinetics expressions



O2 – N2H4 reaction heterogeneous?
• Variable rate constant k implies reaction probably heterogeneous.
• Presently handled in Ringhals SCC by means of fitting parameters.
• Heterogeneous redox reaction – use electrochemical theory?
• Some studies of the electrochemistry of hydrazine at low temperature in 

the literature, but contradictory results.
• A Mixed Potential Model (MPM) for the O2 – N2H4 reaction on CS at 180 oC 

was recently developed in a cooperation between JAPC and Studsvik. 



Equilibria
• Chemical equilibria and distribution equilibria are taken from the same 

original sources as in MULTEQ. Also possible to load MULTEQ database.
• The equilibrium constants are represented by polynomials in T.
• Due to short residence times in some parts of the turbine, distribution 

equilibria are not always fully developed. Therefore, calibration against
measured data is necessary to optimize the model.



Plant modeling
• Not every detail of plant modeled. Model based on simplified schematic.
• Models from chemical engineering used for the equipment.
• Calculations performed for ~50 preselected nodal points in the turbine

plant.



Plant modeling requires simplification! 



Simplified schematic used in the model
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Graphical User Interface
• The GUI is composed of a main window with 11 menus, and a number of 

auxilliary windows.
• The Plant window presents a simplified schematic of the turbine plant. 

Using the mouse and right-clicking, it is possible to study components and 
flow rates and to change a number of parameters. 

• This window also presents the predefined nodes where calculations may
be performed. A subset is selected in the Output Selections window.

• The Output window presents output data in tabular form. Data may be 
easily copied to Excel.

• An Input window presents the operational parameters (except the heat 
balance) used in the run.



Output Selections window



Output window (selected nodes)



Input window



Batch mode
• A batch mode of operation is useful 

for generating tables to investigate 
the influence of a particular species, 
parameter, or constant.

• A range and a step length may be 
specified. 



Future developments
• ECP modeling.

• Possibly a MPM module for the oxygen – hydrazine reaction. 
Also models the ECP.

• Additional species.
• Improved component modules.



MPM for PWR Secondary Side
• A MPM for PWR secondary side will be presented by Takiguchi, Kadoi

and Sugino at the 14th International Conference on the Properties of 
Water and Steam next week.

• The model is based on on ECP measurements on CS at 180 oC, and on 
a MPM for BWRs.

• A good fit to both the ECP data and the oxygen consumption data from 
the loop tests was obtained over a wide range of oxygen and hydrazine 
concentrations.
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OVERVIEW OF ROMANIAN PROGRAM TO INVESTIGATE 

CORROSION OF CANDU-6 PRIMARY HEAT TRANSPORT (PHT)  

STRUCTURAL MATERIALS 
 
 

Dr. Ioana PIRVAN 
 

Institute For Nuclear Research 
Pitesti, ROMANIA 

 

 

The investigation of the NPP structural materials corrosion in correlation with the 

water chemistry, as well as  the corrosion products deposition and their removing from the 

primary circuit is a very active field and permanently open to the researches. 

In our institute, the corrosion of CANDU-6 primary circuit components was 

investigated extensively allowing us to accumulate data and knowledge on corrosion 

mechanisms related to environmental chemical parameters. 

These data were obtained by :  

- theoretical and experimental studies ; 

- surveillance of structural materials corrosion from Cernavoda NPP – Unit#1. 

The corrosion experiments were performed by: 

- chemical accelerated tests in accordance with ASTM ; 

- static autoclaving; 

- electrochemical methods such as: galvanostatic, potentiostatic, potentiodynamic 

and cyclic polarization. 

To evaluate the corrosion behavior of zirconium alloys, nickel alloys, stainless steel 

and carbon steel were used the following methods:  

- gravimetry; 

- optical and electronic microscopy; 

- X-rays diffraction; 

- XPS and EIS analysis. 
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On the basis of the experiments and analysis have been determined: 

• oxidation and hydriding kinetics of Zircaloy-4 and Zr-2.5%Nb depending on: 

- initial surface condition; 

- water chemistry (pH, oxygen content, contaminantion with F- and Cl-) 

- temperature; 

• nodular corrosion of Zircaloy-4 sheaths depending on: 

- initial surface condition; 

- temperature; 

- microstructural changes induced by brazing and welding. 

• stress corrosion cracking (SCC) of Zircaloy-4 sheaths in presence of iodine; 

• galvanic corrosion of Zr-2.5%Nb pressured tube ; 

• crevice corrosion of Zr-2.5%Nb pressured tube; 

• corrosion kinetics and corrosion products deposition on carbon steel SA 106 gr.B 

and martensitic steel 403m, as a function of pH and dissolved oxygen content; 

• corrosion of structural materials coupons exposed in PHT autoclaves from 

Cernavoda NPP-Unit#1. 

 

 

MAIN RESULTS 

 
Corrosion of Zr-2.5%Nb pressure tube 

• The galvanic corrosion 

In the CANDU reactor the galvanic corrosion is due to contact of Zr-2.%Nb pressure 

tube with martensitic steel 403m end fittings. 

The corrosion experiments were performed in LiOH solution (pH=10.5 and 11.5) with 

addition of hydrogen (by 3MPa overpressure) at 3100C and 9.8MPa on uncoupled samples 

and coupled samples with martensitic steel 403m. 

The galvanic coupling was made by pressing one Zr-2.5%Nb sample between two 

403m SS samples, using a passivated 304L SS device. 

The galvanic coupling led to an accelerated oxidation and especially to an accelerated 

hydriding of Zr-2.5%Nb alloy, on the increase with pH (Figure1). 
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a) uncoupled - pH=10.5 

 

 
b) coupled with SS 403m - pH=10.5 

c) coupled with SS 403m – pH=11.5 
 

d) coupled with SS 403m platted by  
chrome - pH=10.5 

 Figure 1.  Aspect of oxides (x 500) and hydrides (x 250) on Zr-2.5%Nb samples, tested 
100 days at 3100C in LiOH solution with hydrogen addition 

 
We used 403m SS samples electrolytic chromate by us, for coupling, and the results 

(Figure 1d) shown a considerable decreasing of hydriding phenomena (from 480ppm H2 at 

110ppm H2) as well as an uniform, continuous, thin and adherent oxide. 

 

• The crevice corrosion 

The crevice corrosion appears in the area of contact between Zr-2.5%Nb pressure tube 

and Zircaloy-4 fuel bundle bearing pads. 

We used a special device made by us, which allowed to reproduce the geometry of 

contact between pressure  tube and fuel bearing pads (Figure 2). 
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1 -Support 

2 - Screw 

3 - Spring 

4, 5-Bearing pads 

6 - Pressure tube 

 

 

 
Figure 2. Experimental device for crevice corrosion 

The corrosion tests were performed in LiOH solutions (pH=10.5 ÷12.5) at 3100C 

(9.8MPa) during 110 days.  

The crevices accelerated significantly oxidation kinetics of Zr-2.5%Nb (Figure 3) 

 
Figure 3. Corrosion kinetic of Zr–2.5%Nb samples tested in LiOH solutions at 310°C 

in crevice presence 
 

The corrosion process was accelerated with pH increasing. 

- at pH = 11.5 –transition to linear kinetics took place  after 40 testing days; 

- at pH = 12.5 – the corrosion process developed only in post-transition period. 
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The oxidation of Zr-2.5%Nb alloys was significantly accelerated beginning with 

pH=11.5. At pH=12.5, after only 10 testing days was formed a non-uniform, white, 

pulverulent oxide, having a thickness of 30 μm ÷ 50 μm (Figure 4) 

 

tested 110 days 

 pH=10.5 
tested 110 days 

 pH=11.5 
tested 50 days 

 pH=12 
tested 10 days 

 pH=12.5 
Figure 4.  Oxides on Zr-2.5%Nb tested in presence of crevice  

at 3100C (9.8MPa) in LiOH solution (x 500) 

 

SEM examination of the samples tested 10 days at pH=12.5 in the crevice condition 

shown a structure with more oxide layers (Figure 5). 

 
Figure 5. SEM image of oxide formed on Zr-2.5%Nb sample tested  

10 days in LiOH solution (pH=12.5) (x2000) 
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Effect of coolant chemistry on Zr-2.5%Nb 

• Effect of LiOH pH 

The experiments were performed in LiOH solution (pH=10.5÷12.5) by 

potentiodynamic method (200C÷800C) and by static autoclaving at 3100C and 9.8MPa. 

Results obtained by static autoclaving are presented in Figure 6. 

 

 
 
 
 
 
 
 
 
 

Figure 6. Corrosion kinetics 
of Zr-2.5 % Nb samples 
tested in LiOH solutions at 
310°C (9.8 MPa) 
 

Oxidation took place in pretransition period following a cubic kinetics at pH=10.5 and 

pH=11.5 . At pH=11.5 after 40 testing days the oxidation is more accelerated. Transition to 

linear kinetics took place only at pH=12.5,  after 20 testing days. 

A pH≥11.5 led to the formation of some thick, nonuniform and nonadherent oxide 

films having an increased porosity (Figure 7). 

    
demineralized water 

pH=6.8 

    pH=10.5 

    pH=11.5 

 
pH=12.5 

Figure 7. Oxidation of Zr-2.5%Nb samples after testing at 3100C and 9.8MPa 
(x 500) 
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The examination by XPS of nonuniform, nonadherent and porous oxides emphasized 

the presence of Li+ in zirconium oxide lattice (Figure 8). 

 

Figure 8. XPS spectrum of Li+ on Zr -2.5%Nb sample tested 30 days 

 in LiOH solution (pH=12.5) 
 

The Li+ incorporation in zirconium oxide lattice led to a bigger concentration of 

anionic defects produced by substitution of Zr4+ with Li+. 

The pH influence on hydriding Zr-2.5%Nb  as a function of exposure time is shown in 

Figure 9 

 
Figure 9. Kinetics of hydrogen absorption in Zr-2.5%Nb as a function of LiOH pH 

. 
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An accelerated hydriding was observed at pH=12.5 after 30 testing days (Figure 10). 
 

a) 
 

b) 
Figure 10. Zr-2.5%Nb Hydriding after testing: 

 a) 110 days at pH=10.5 and b) 30 days at pH=12.5 (x250) 
 

 

• Effect of oxygen dissolved in cooling water 

Concentrations of 0.1ppm ÷10ppm O2 in LiOH solution (pH=10.5) were obtained by 

addition of some quantities of oxygenated water (H2O2). The corrosion tests were performed 

at 3100C and 3600C (9.8MPa).  

The oxygen   dissolved  in  LiOH  solution  accelerated  the  oxidation  kinetics  of  

Zr-2.5%Nb alloy (Figure 11). 

 

 

 

 

 

Figure 11. Corrosion kinetics 
of Zr-2.5%Nb samples tested 
in LiOH solution (pH=10.5) 
with oxygen 

 

The oxidation was strongly accelerated at 10ppm O2 and the EIS analysis shown no-

homogenous and porous oxides. 
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The metalographic examination confirmed these findings (Figure 12). 

 
 

0.1ppmO2

 
 

1ppmO2

 

 

10ppm O2

Figure 12. Oxidation of Zr-2.5%Nb samples after 75 testing days at 3100C in  
LiOH solution (pH=10.5) with oxygen (x 500) 

 

In same testing conditions the evolution of Zr-2.5%Nb hydriding was similarly with 

its oxidation (Figure 13 and Figure 14). 

 
 

 
 
 
 
Figure 13. Kinetics of 
hydrogen absorption in 
Zr-2.5%Nb as a 
function of O2 
concentration 

a) b) 

c)

 
 
 
 
 
Figure 14. Hydrides on Zr-2.5%Nb 
depending on O2 concentration  
a) 0.1ppm O2; b) 1ppm O2; c) 10ppm O2 
(x 250) 
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• Effect of coolant contamination with Cl- and F- 

The experiments on Zr-2.5%Nb samples were performed by cyclic polarization at 

200C and 800C, as well as  static autoclaving at 3100C and 3600C (9.8MPa) in LiOH solution 

(pH=10.5) with Cl- and F- in concentration of 0.1÷100ppm. The contamination with Cl- and F- 

was made by addition of NaCl and NaF neutral salts.  

Both Cl- and F- contamination accelerated the corrosion kinetics , but the F- influence 

was much greater (Figure 15 and Figure 16). 

 

 

 

 

 

 

 

 

 

Figure 15. Corrosion kinetics 
of Zr-2.5%Nb tested at 
3100C (9.8MPa) in LiOH 
solution (pH=10.5) with Cl-

 

 

 

 

 

 

 

 
 
Figure 16. Corrosion kinetics 
of Zr-2.5%Nb tested at 
3100C (9.8MPa) in LiOH 
solution (pH=10.5) with F-

In Figure 16 it is observed that above 5ppm F- the accelerated oxidation leads to losses 

of material. 
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The hydriding process is also more accelerated in F-contamination condition, but 

much slower, in  comparation with the oxidation process (Figure 17). 

 

  

 
a) 

 
b) 

Figure 17. Oxides (x500) and hydrides (x250) on Zr-2.5%Nb samples tested 25 days  
at 3100C (9.8MPa) in presence of: a)1ppm F-and b)100ppm F-

 

Corrosion of Carbon Steel SA 106 gr.B 
The corrosion kinetics, as well as formation and releasing of corrosion products on 

carbon steel SA 106 gr.B were studied by: 

 potentiodynamic method at 20÷800C in LiOH solution (pH=10÷11.5); 
 static autoclaving at 3100C (9.8MPa) in:  

- LiOH solution  (pH=10÷11.5) 
- LiOH solution (pH=10.5) with 100ppm O2 and 500ppm O2 

 

 • Effect of LiOH pH 

 The corrosion rate of carbon steel SA 106 gr.B samples increased with LiOH solution 

pH (Figure 18). 

 
 
 
 
 
 
 
Figure 18. 
Corrosion kinetics of carbon 
steel samples tested at 3100C 
(9.8MPa) in LiOH solutions 
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At pH=11.5 the oxides were nonuniform, porous and nonadherent (Figure 19). 

By X-ray diffraction were emphasized Fe and Li complex oxides and more Fe2O3. 

a) 

b) 

c) 

d) 

Figure 19. Oxides formed on carbon steel SA 106 gr.B samples after 
 30 testing days at 310°C (9.8 MPa) in LiOH solution: 
 a)  pH=10; b) pH=10.5; c) pH=11; d) pH=11.5 (x500) 

 

• Effect of dissolved oxygen  

Both at 100ppm O2 and 500ppm O2 appeared pitting corrosion on carbon steel SA 106 

gr.B samples (Figure 20). 

 

a) 

b) 
Figure 20. Pitting corrosion on carbon steel SA 106 gr.B samples after  

60 testing days at 3100C (9.8MPa) in LiOH solution (pH=10.5) with 
 a)100ppm O2 and b) 500ppm O2 (x 500) 

 

 The corrosion rate in presence of 100ppm O2 was greater due to a more intensive 

pitting corrosion (Figure 21). 

 

 

 

 

 

 

 

Figure 21. Corrosion kinetics of 
carbon steel SA 106 gr.B samples  
tested at 3100C (9.8MPa) depending 
on the oxygen concentration 
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Analysis of Coupons Exposed in the Autoclaves Y1–Y4 from Cernavoda 
N.P.P.-Unit#1 

 

 To monitor the effects of operating fluid chemistry on the systems components 

corrosion and on the build-up of activity, we are performing the analysis of corrosion coupons 

from autoclaves (Y1-Y4) assembled in by-pass of primary circuit at Cernavoda-NPP, Unit#1. 

Description of autoclave system 

The Autoclave System consists of four autoclave circuits: one connecting the reactor 

outlet header with  the boilers, and one from the pump discharge to the reactor inlet header, on 

each of the two PHT loops(Figure 22). 

 In normal operation, the restriction orifices should maintain a flow of approximately 

250 g.s-1 to achieve a velocity of aproximatively 4.7 m.s-1

 Each autoclave contains six hanger bars, (S1-S6) from flanged end. 

 

 

Figure 22. PHT autoclaves system diagram 

.  
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Characteristics of coupons 
 
 Standards coupons are 30mm by 15mm with a thickness of 1.3mm. Two holes, 3mm 

diameter  are provided  for mounting on the hanger bars. Coupons are mounted in pairs, with 

a maximum of 6 pairs or 12 coupons per hanger bar, 72 coupons in all. 

The coupons are made from the following materials: 

 carbon steel SA 106gr.B; 
 carbon steel SA 516; 
 stainless steel 304L; 
 stainless steel 403m; 
 Zr-2.5%Nb; 
 Zircaloy-4; 
 Incoloy-800. 

. 
 The preparation and analysis of corrosion coupons is performed in accordance with 

applicable standards and SCN procedures. 

 The initial surface of coupons was preoxidized: 142 hours at 1500C and 47 hours at 

Each of the six hanger bars  2600C in degassed LiOH solution with pH=10.5 and 100mg/l 

Na4EDTA. Some of coupons were passivated the same time with the primary circuit of 

CANDU reactor and the others were passivated in our laboratory. 

 

Examination procedure 

The analysis of corrosion coupons consist in: 

 radiometric control of the hanger bars; 
 visual inspection of the hanger bars; 
 identification of the coupon code; 
 radiometric control of the coupons; 
 weighing; 
 gamma spectrometry; 
 visual examination; 
 gravimetric control; 
 optical and electronic microscopy. 

The analysis of coupons were performed at different stages during commissioning 

(Hot Conditioning, Hot Performance) and at different time intervals in normal operation (197, 

371, 568 and 717 days). 

At present we are -performing the analysis of the coupons exposed since 1997/10/29. 

 

Main results obtained 

 β activity (imp. /cm2.min); 

 gamma activity, (mSv/h); 
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 gamma isotopes specific activity, (μCi/cm2). 
 weight after autoclaving, (g); 
 loss or gain weight (g/m2); 
 kinetics data: 

o totally formed corrosion products (g/m2); 
o adherent corrosion products (g/m2); 
o corrosion products release rate (g/m2day); 
o corrosion rate (g/m2day). 

 macroscopic aspect of coupons and hanger bars; 
 microstructural characteristics; 
 morphological aspect of deposition; 
 oxide layer thickness and aspect. 

 
The results of the analysis are presented in tables and examination reports . 

The examination reports contain data about: visual examination of coupons and  

hanger bars and the microscopic examination of some coupons from different materials 

(carbon steel, stainless steel, zirconium alloys and nickel alloys)(Figure 23 and Figure 24). 

All data concerning the characterization of coupons are stored in a database. 
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Figure 23. Examination report of carbon steel SA 106 gr.B  
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Figure 24. Examination report of Zr-2.5%Nb alloy 
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FUTURE WORKS 

 
 To evaluate the materials corrosion behavior on long time is need to extend 

database by: 

- analysis of a greater number of corrosion coupons from Cernavoda NPP at different 

exposure time in correlation with water chemistry; 

- experiments on carbon steel SA 106 gr.B and 403m SS to determine the influence of  

Cl- and SO4
2- contamination and the corrosion in shut down conditions. 

 

 Phenomena modeling ; 

 Life time estimation; 

 Diagnostic and assessment of corroded components. 

 

 
CONCLUSIONS 

 
 The  testing and analysis of numerous samples from CANDU PHT structural 

materials allowed their behavior characterization in normal and abnormal 

conditions of operation; 

 On the basis of experimental results was evaluated the corrosion of some 

structural materials (Zircaloy-4, Zr-2.5%Nb, carbon steel SA 106 gr.B, 

martensitic steel 403m) depending on temperature and water chemistry 

parameters (pH, Cl-, F- and O2 concentration) having abnormal limit of 

operation; 

 The analysis of coupons exposed in the autoclaves from Cernavoda–Unit#1 

show a normal corrosion behavior of structural materials, till now. 
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Chemical control and assessment of corrosion, deposition and release of 
corrosion products in the primary circuit of CANDU 6 PHWR.  

 

Ioana Pirvan*, Gheorghe Savu*, Antonius Sorescu* 
Olga Marciulescu**,Dorina Zotica** 

  *   Institute for Nuclear Research,Pitesti-ROMANIA 

                                ** Chemical Department -Cernavoda NPP-ROMANIA 
 

 

1. Introduction 
 
Cernavodã NPP Unit.#1 is a heavy water cooled and moderated CANDU 6 reactor, 

using natural uranium as fuel. The unit was commissioned on  December 2, 1996. 
  To assure a minimal degradation of structural materials by fluid contact and to 
achieve or exceed the designed lifetime of the plant, a chemical control and corrosion 
monitoring program has been established. 
 Chemical control of Primary Heat Transport System (PHTS) and surveillance of 
structural materials corrosion is directed towards keeping chemical parameters within 
specified limits in order to minimize corrosion of equipment and related piping, to control 
the corrosion rate,  impurities concentration and fission products and to minimize activity 
transport and heat transfer surfaces fouling. 
 

2. PHTS chemical control 
 

  The PHT System is arranged in two separate loops, which are normally tied 
together, each loop serving 190 fuel channels, and comprises two boilers, two circulating 
pumps, two reactor inlet headers, two reactor outlet headers and the necessary 
interconnecting piping [1]. 
 Chemistry control of the PHT System and auxiliaries is required to: 

- minimize the corrosion of system components; 
- limit the production rate of radioactive corrosion products; 
- minimize the fouling of the heat transfer surfaces by controlling the crud 

movement and removal; 
- ensure efficient removal of radioactive corrosion products and soluble fission 

products; 
- maintain the concentrations of deuterium, oxygen and nitrogen gases, that cover 

the heat transport storage tank, below explosive limits. 
The above objectives are achieved by: 
1. controlling pH in the range  10.2 to 10.8; 
2. maintaining excess dissolved deuterium in the range 3-10 ml/kg to scavenge 

oxygen; 
3. maintaining purity of the PHT heavy water via the purification loop which 

contains Li+/OD- form ion exchange resin; 
4. purging the heat transport storage tank cover gas when required. 
The corrosion of the system components is minimized by selecting and then 

controlling a set of chemical parameters which together reduce the aggressiveness of the 
coolant to the specific materials used in the system. 
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Chemical control and diagnosis parameters for steady state operation are 
summarized in Table 1 [2],and the PHTS chemistry-Loop#1 registred in 2001 is shown in 
Figure1 

 
Table 1. Chemical control and diagnosis parameters specification 

Parameter Sample 
Origin 

Specification  Desired Value Monitoring 
Frequency 

PH Main System 
IX* Outlet 

10.2-10.8 
N/A 

10.2-10.4 
IX inlet 

1/2 days 

Dissolved D2 (ml/kg) Main System 3 – 10 4 -7 1/2 days 
Chloride (mg/kg) Main System 

IX Outlet 
≤ 0.2 

< IX inlet 
     ALARA ** 
     ALARA 

1/14 days 

I-131 
(MBq/kg) 

Main System 
IX Outlet 

< 500 
< IX inlet 

ALARA 
ALARA 

2/7 days 

D2(%by vol.) Storage tank 
cover gas 

≤ 2 ALARA 1/7 days 
 

O2(% by vol.) Storage tank 
cover gas 

≤ 1 ALARA 1/7 days 
 

N2(% by vol.) Storage tank 
cover gas 

≤ 6 ALARA 1/7 days 
 

Lithium (mg/kg) Main System 
IX Outlet 

0.4 - 1.1 0.5 – 0.7 1/14 days 
 

Conductivity (μS/cm) Main System 
IX Outlet 

8 – 25 8 - 20 1/2 days 

Floride (mg/kg) Main System 
IX Outlet 

< 0.1 
< IX inlet 

ALARA 
ALARA 

1/90 days 
as required 

Suspended Solids 
(mg/kg) 

Main System 
Gland Seal 

< 0.1 
< 0.010 

ALARA 
ALARA 

1/30 days 

Total Organic Carbon 
(mg/kg) 

Main System ≤ 1.0 ALARA 1/14 days 

Radionuclides Gamma 
Scan (MBq/l) 

Main System 
IX Outlet 

0.1 
< IX inlet  

ALARA 
ALARA 

2/7 days 

        
                         Note: 

* - IX – ion exchange; ** - ALARA – As Low As Reasonable Achievable 
 

The aggressiveness of PHT System water is reduced by controlling: dissolved 
oxygen content, pH, radioactive crud and fission products. 
 

 Dissolved oxygen content:  
 The operating objective is to maintain the concentration of dissolved oxygen below 

0.1 mg O2/kg D2O. The corrosion rates of zirconium alloys (Zr-2.5% Nb-pressure tube) and 
of carbon steel (SA 106 gr. B – feeders and headers) are significantly enhanced in the 
presence of dissolved oxygen from the radiolysis of heavy water [3]. 

The addition of gaseous hydrogen to the PHTS coolant creates, by isotopic 
exchange, the concentration of dissolved deuterium necessary to minimize the production of 
dissolved oxygen without causing unacceptable downgrading of the heavy water. 

Too high concentration of dissolved deuterium should be avoided in order to 
minimize any potential for increased deuterium pick-up by the pressure tube.

Control in Nuclear Power Plants (DAWAC)”, 26-29 November 2002, Prague, CZECH Republic 
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pH 
The pH value in accordance with AECL specification is 10.2 –10.8. 
There is a narrow band of pH values, i.e. 10.2-10.4 within which the PHT System 

operates optimally. The lower limit of the specification has been associated with fouling of 
the core by magnetite deposition and the upper limit of the specification is influenced by the 
issues of flow-accelerated corrosion of the outlet feeder pipes. At Cernavoda NPP, one main 
issue for PHT chemistry control is to reduce the pH  value from 10.2-10.8 to the optimum 
range: 10.2-10.4 [4]. Thus, by improvement the purification system,the PHTS chemisry 
registred in 2002 was in optimum range (Figure 2) 
 

Radioactive crud: 
The production rate of radioactive materials is minimized by: 
- operating with a low concentration of dissolved oxygen which is maintained by 

hydrogen addition to the PHT water; 
- continuous steady state operation with no thermal, hydraulic or chemical 

transients; 
- operating at pH values above 10.2; 
- operating with a minimum number of defective fuel bundles. 
 
Fission products: 
The reduction of fission product concentration in the PHT System is achieved by: 
- location and rapid removal of defective fuel bundles; 
- purification by ion exchange. 

 
3. Monitoring of structural materials corrosion from CANDU 6 

reactor primary circuit 
 
To assist in monitoring and optimization of chemistry control and to give warning of 

serious corrosion and/or activity transport conditions, one Autoclave System is provided. 
The Autoclave System consists of four autoclave circuits (Y1-Y4), one from the 

reactor outlet header to the boilers (Y1 or Y4) and one from the circulating pump discharge 
to the reactor inlet header (Y2 or Y3), on each of the two PHT loops (Figure 3) [5]. 

In normal operation conditions the restriction orifices should maintain a flow of 
approximately 250 g.s-1, to achieve a velocity of approximately 4.7 m.s-1. 

Each autoclave contains six hanger bars, numbered 1 to 6 (S1-S6). 
Standard coupons are 30 mm by 15 mm with a thickness between 1 and 1.5 mm. 

Coupons are mounted in pairs, with a maximum of 6 pairs or 12 coupons per hanger bar, 72 
coupons in all. Each hanger bar (S1 to S6) from the four autoclaves (Y1 to Y4) holds Heat 
Transport System (HTS) materials as follows: carbon steel ASTM A 106 grade B and 
ASTM A 516 ( piping, headers, feeders, heat exchanger shell ), stainless steel 403 m (end 
fittings) and 304 L (tubing of heat exchangers), Zr-2.5% Nb (pressure tube), Zircaloy- 4 
(fuel cladding) and Incoloy 800 (tubing of steam generators).  

Initially, the coupons were passivated in LiOH solution with Na2EDTA (142 hours 
at 150°C and 47 hours at 260°C) in static autoclaves or in the same time with the primary 
circuit of CANDU 6 reactor. 

The data concerning the characterization and the corrosion analysis of the coupons 
exposed in PHT autoclaves were stocked in the “CNE Corozi Test” database. The logical 
structure of “CNE Corozi Test” database is presented in Figure 4. 
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Figure 3. HT Autoclave System Diagram 
 

 
 
 
 
 
 
 
 
 
          
 
 
 
 
 
 
 

 
 
 

Figure 4. Logical structure of  
“CNE CoroziTest” database 
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For the “Coupons” Table there have been projected two procedures: “Starting Data” 
and “Coupons Analysis”. 

The “Starting Data” procedure contains information concerning coupons (Figure 5).  
The “Coupons Analysis” procedure contains information concerning: radiometric 

control of coupons (Figure 6), gravimetric control of coupons (Figure 7), visual examination 
of coupons (Figure 8), as well as metallographic analysis of coupons (Figure 9). 

 

 
 

Figure 5.  Initial data of coupons 
 

 
 

Figure 6. Radiometric control of coupons 

Control in Nuclear Power Plants (DAWAC)”, 26-29 November 2002, Prague, CZECH Republic 



 

2nd RCM on “Data Processing Technologies and Diagnostics for Water Chemistry and Corrosion 

 

7

 

 
 

Figure 7. Gravimetric control of coupons 
 

 
 

Figure 8. Visual examination of coupons 
 

Control in Nuclear Power Plants (DAWAC)”, 26-29 November 2002, Prague, CZECH Republic 



 

2nd RCM on “Data Processing Technologies and Diagnostics for Water Chemistry and Corrosion 

 

8

 
 

 
 

Figure 9. Microscopical analysis of coupons 
 

For the “hanger bars” Table there has been projected the “Hanger Bars Analysis” 
procedure with graphic interface.  

Based on the data stocked in this database “Individual Reports” are obtained, which 
contain information about analysis of hanger bars, visual examination and microscopic 
analysis of coupons and “Detailed Reports” which contain information about the 
distribution of exposed and extracted coupons, gravimetric and radiometric analysis of 
coupons. 

 
4. Corrosion analysis of the coupons exposed in PHTS autoclaves . 
 
The corrosion analysis of the coupons has been performed after different stages 

during commissioning (hot conditioning, hot performance and loss of class IV test), and 
after different exposure times in normal operation. 

The results obtained after hot conditioning evidenced the formation of a continuous, 
adherent and protective magnetite oxide layer of about: 3.78 g/m2 for carbon steel samples, 
 0.115 g/m2 for martensitic steel and 0.206 g/m2 for stainless steel. On the surface of 
Incoloy-800 alloy was formed an oxide of about 0.217 g/m2, but on surface of Zr-alloys was 
formed on oxide of about 0.182 g/m2 (Zr-2.5% Nb) and 0.257 g/m2 (Zircaloy-4). 
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Examination of the coupons at the end of commissioning phase (loss of class IV 
test), as well as during commissioning (hot performance) indicated that no significant 
corrosion process occurred. 

The analysis of the coupons after different exposure times in autoclaves (197, 371, 
568 and 825 days), allowed us to determine the corrosion rate, the deposition and releasing 
of corrosion products, as well as the specific activity of radionuclides on  different structural 
materials: 

• carbon and stainless steel  
A dark grey-black and adherent magnetite oxide film with matted and relatively 

uniform aspect was formed by generalized corrosion of carbon steel SA-106 gr. B and SA-
516 gr.70 (Figure 10a). The increase of exposure time determined the formation of a more 
compact and more uniform oxide film (Figure 10b). 

 

 
a) 

 
b) 

Figure 10. Magnetite film formed on carbon steel SA 106 gr.B coupons exposed in    
Y1 autoclave: a) 197 days and b) 825 days (x 200) 

 
The quantity of crystalides from corrosion products depositions increased with the 

exposure time (Figure 11). 
 

 
a) 

 
b) 

Figure 11. Morphology of corrosion products on carbon steel 106 gr. B surface 
exposed: a) 197 days and b) 825 days (x 1000) 

 
The coupons exposed in the autoclave circuits from boilers to the reactor inlet 

header (Y2 and Y3) generally presented an oxide film with no uniform and noncontinuous 
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aspect because, after 825 exposure days, there were zones on coupons surface partially 
covered with corrosive products (Figure 12). 
 

 
 
 
 
 
 
 
 
Figure12.Magnetite film formed 
on carbon steel 106 gr. B 
coupons exposed 825 days in Y3 
autoclave (x 200) 

 
The dark grey-black oxide film formed on stainless steel 304 L and martensitic steel 403 m, 
was adherent, compact, uniform and with light matted aspect, because the fine and black 
magnetite deposits of corrosive products were present. The density of these corrosive 
deposits increased with the exposure time (Figure 13a and 13b). 
 

a)           microscopical aspect (x 200) 
 

morphological aspect (x 1000) 

b)           microscopical aspect (x 200) 
 

morphological aspect (x 1000) 
Figure 13. Deposits of corrosion products on martensitic steel 403m coupons exposed: 

a) 197 days and b) 568 days 
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The thickness of relatively uniform corrosive film on carbon steel (SA 106 gr. B) 
increased from 1÷4μm after 197 days (Figure 14a) to 2÷8μm after 568 days (Figure 14b) 
and to 5÷12μm after 825 days (Figure 14c). 

 
 

a) 197 days 
 

b) 568 days 

c) 825 days 

Figure 14. Microscopical aspect of 
corrosive film on carbon steel SA 

106 gr. B coupons exposed different 
periods (x 500) 

 
The composition of superficial corrosive film consisted of iron oxides (FeO, 
FeOOH, γ-Fe2O3, α-Fe2O3) and manganese oxides (MnO, γ-Mn2O3, α-Mn2O3). 

    The localized corrosion was not evidenced. 
The kinetic data are presented in Tables 2 and 3 for carbon steel – SA 106 gr. B and 

in Table 4  for martensitic steel–403 m. 
 
Table 2. Kinetics data on carbon steel SA 106 gr. B exposed in Y1 and Y4 autoclaves 
 

Exposure 
time 

(days) 

Weight 
loss/thickness 
(g/m2)/(μm) 

Totally 
formed 

corrosion 
products 
(g/m2) 

Adherent 
corrosion 
products  

(g/m2)/(μm) 

Corrosion 
products 

release rate 
(g/m2.day) 

Corrosion 
rate 

(g/m2.day). 

197 21.345 
(2.779) 

29.456 
 

14.322 
(1.826) 

0.076 0.108 

371 21.683 
(2.823) 

29.922 21.946 
(2.80) 

0.0272 0.058 

568 27.316 
(3.3556) 

37.696 25.274 
(3.224) 

0.0218 0.048 

825 33.599 
(4.274) 

46.278 38.654 
(4.930) 

0.0092 0.0407 

 
 

Table 3. Kinetics data on carbon steel SA 106 gr. B exposed in Y2 and Y3 autoclaves 
 

Exposure 
time 

(days) 

Weight 
loss/thickness 
(g/m2)/(μm) 

Totally formed 
corrosion 
products 
(g/m2) 

Adherent 
corrosion 
products  

(g/m2)/(μm)  

Corrosion 
products 

release rate 
(g/m2.day) 

Corrosion 
rate 

(g/m2.day). 

197 22.813 
(2.970) 

31.482 11.182 
(1.426) 

0.115 0.118 

371 40.802 
(5.312) 

56.306 13.599 
(1.734) 

0.103 0.109 

568 44.407 
(5.781) 

61.282 17.771 
(2.266) 

0.0765 0.0781 

825 35.965 
(4.711) 

49.579 26.12 
(3.33) 

0.0284 0.0435 
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Table 4. Kinetics data on martensitic steel 403 exposed in Y1-Y4 autoclaves  
 

Exposure 
time 

(days) 

Weight 
loss/thickness 
(g/m2)/(μm) 

Totally formed 
corrosion 
products 
(g/m2) 

Adherent 
corrosion 
products  

(g/m2)/(μm) 

Corrosion 
products 

release rate 
(g/m2.day) 

Corrosion 
rate 

(g/m2.day). 

183 14.263 
(1.857) 

20.18 9.987 
(1.297) 

0.0556 0.078 

568 22.613 
(2.944) 

31.205 11.029 
(1.432) 

0.0355 0.039 

825 29.858 
(3.797) 

41.194 33.501 
(4.350) 

0.0093 0.036  

 
By the increase of exposure time observed better the formation of duplex magnetite layer 
and the quantity of adherent corrosion products increased (Table 2 and Table 3). 

 The most adherent corrosion products were formed on  coupons exposed in 
autoclave circuits from the reactor outlet header to boilers (Y1 and Y4) (Figure 15). 
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Figure 15. Kinetics of adherent corrosion products on carbon steel  
 SA 106 gr. B coupons exposed in Y1-Y4 autoclaves 

 
Thus, 80-90 % from totally formed corrosion products on coupons exposed 825 days 

in Y1 and Y4 autoclaves were adherent corrosion  products, comparatively with  40 to 
50 % for coupons exposed in Y2 and Y3 autoclaves. Therefore, the bigger quantity of 
released corrosion products of coupons exposed in Y2 and Y3 autoclaves was obtained.  

Also, by the increase of exposure time, the oxide film formed on martensitic steel 
403m was more adherent and protective (the quantity of adherent corrosion products 
increased – Table 4). 

The corrosion products release rate and the corrosion rate, for carbon steel SA 106 
gr. B, decreased while the exposure time increased. The bigger values for these rates, 
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especially at the beginning, were obtained on coupons exposed in Y2 and Y3 autoclaves 
(Figure 16 and 17). 
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                  Figure 16. Kinetics of corrosion products release rate on carbon steel 

 SA 106 gr. B coupons exposed in Y1-Y4 autoclaves 
 

y = 0.1811e-0.0016x

R2 = 0.9437y = 0.1201e-0.0014x

R2 = 0.8352

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0 100 200 300 400 500 600 700 800 900

Time (days)

Corrosion rate - Y1 and Y4 autoclaves
Corrosion rate - Y2 and Y3 autoclaves
Expon. (Corrosion rate - Y2 and Y3 autoclaves)
Expon. (Corrosion rate - Y1 and Y4 autoclaves)

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 C
or

ro
si

on
 ra

te
 (g

 / 
m

2 
da

y)

               Figure 17. Kinetics of corrosion rate on carbon steel SA 106 gr. B                
coupons exposed in Y1-Y4 autoclaves 
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At the reactor inlet header, the magnetite solubility is smaller, because the temperature is 
smaller and the coolant is probably still supersaturated in iron. In this conditions, the thicker 
corrosive films resulted, but less adherent and the bigger corrosion products release rates 
were obtained. Also, the adherent films being thinner, the greater corrosion rates were 
obtained.  

• zirconium alloys (Zr-2.5% Nb and Zircaloy-4) 
A dark grey near black, adherent, continuous, uniform zirconium oxide film and 

with relatively shiny aspect was formed on zirconium coupons (Figure 18). 
 
 

 
Figure 18.Aspect of corrosion film on Zircaloy-4 coupons exposed 825 days (x 200) 

 
The thickness of adherent and uniform oxide increased slightly with exposure time, 

for example in case of Zr-2.5% Nb alloy, this increased from about 0.8 μm after 371 days 
(Figure 19a) at 1÷1.5 μm after 568 days (Figure 19b) and to about 2 μm after 825 days 
(Figure 19c). The composition of superficial corrosive film was consisted of 
nonstoichiometric zirconium oxide (ZrO2-x) and stoichiometric zirconium oxide (ZrO2), tin 
oxide (SnO and SnO2) for the zircaloy-4 alloy, and niobium oxide (NbO, NbO2 and Nb2O5) 
in the case of Zr-2.5% Nb. 

 
 

 
                         a) 371 days 

 
                     b) 568 days 

 
                          c) 825 days 

 
    Figure 19. Zirconium oxide film formed 
    on Zr-2.5%Nb after different periods  
    of exposure   (x500) 
 
 

 
After 568 days, black, matted and non-adherent corrosion products deposits in shape 

of magnetite fine crystalides were present (Figure 20a) which, after 825 days of exposure 
were bigger and relatively rare (Figure 20b). 
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a) (x 1000) 

 
b) (x 500) 

 
Figure 20. Morphology of corrosion products deposits on Zr-2.5%Nb alloy surface 

after different periods of exposure: a) 568 days and b) 825 days 
 

An insignificant hydriding of zirconium alloys (Zircaloy-4 and Zr-2.5% Nb) was 
evidenced, such as small and uniformly distributed hydrides were present in Zr-2.5% Nb 
alloy, and the hydrogen concentration was estimated at about 30 ppm, after 825 exposure 
days (Figure 21). 

 

 
 

Figure 21. Aspect of hydrides on Zr-2.5%Nb alloy after 825 days of exposure (x 250) 
 
 
 

•  nickel alloy (Incoloy-800 
By corrosion of underlying material, a dark-grey with bluish or brown-reddih, 

nuances, adherent and compact oxide film was formed. This aspect was light matted and 
non-uniform, because of magnetite deposits (Figure 22). The thickness of adherent, 
continuous and relatively uniform oxide increased from 0.5μm after 371 days (Figure 23a) 
to about 0.8μm after 568 days (Figure 23b) and to 1÷1.5μm after 825 days (Figure 23c). 
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Figure 22. Aspect of corrosion film on Incoloy-800 coupons exposed 568 days (x 200) 

 
 
 

a) 371 days b) 568 days 

c) 825 days 

  
 Figure 23. Oxide film formed on 
Incoloy-800 after different periods 
of exposure (x 500) 

 
 
 

The superficial corrosive film consisted of FeO, FeOOH, γ-Fe2O3, α-Fe2O3 and 
complex oxides of Fe, Cr or Ni (FeCr2O4 and NiFe2O4). 

Generally, the loss of metal by corrosion after 825 days was about 1.370g/m2 and 
the corrosion rate was about 0.0016 g/m2day, but about 70% from totally corrosion products 
were adherent corrosion products. 

The corrosion product depositions formed after 825 days on coupons, exposed in 
autoclave circuits from reactor outlet header to boilers (Y1 and Y4) were in shape of 
isolated and relatively big magnetite crystalides (Figure 24a), but those formed on coupons 
exposed in autoclave circuits from boilers to reactor inlet header (Y2 and Y3) were 
numerous, small, having a globular and relatively uniform aspect (Figure 24b). The 
localized corrosion was not evidenced. 
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a) b) 
Figure 24. Morphology of corrosion products deposits on Incoloy-800 alloy exposed 

 825 days in: a) Y1 autoclave and b) Y3 autoclave (x 1000) 
 
 

• gamma spectrometry analysis 
The majority of coupons presented the following radionuclides: 54Mn, 60Co, 95Zr, 

95Nb, 59Fe, 124Sb, 125Sb, 103Ru, 65Zn, 110Ag, 140Ba and 141Ce. The biggest contribution at total 
specific activity had, generally, 95Nb, 95Zr, 60Co and 54Mn radionuclides.(Figure 25) 
Radionuclides of 124Sb and 125Sb were determined especially on Incoloy-800 coupons 
exposed in Y2 and Y3 autoclaves, their activity being about 13.5 μCi/cm2 for 124Sb and 
about 1.18 5 μCi/cm2 for 125Sb, after 371 days of exposure. 

The biggest value for the total specific activity was determined generally, on the 
carbon steel SA 106 gr. B coupons being followed by Incoloy-800 coupons and zirconium 
alloy coupons (Figure 26). 
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 Figure 25 Activity of radionuclides determined on coupons exposed in Y1 and Y4 
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Figure 26. Activity of radionuclides determined for different materials (coupons 

exposed in Y1 and Y4 autoclaves) 
 
 

Conclusions 
 -The continuous, adherent and protective oxide films were formed by generalized 
corrosion of structural materials. By the increase of exposure times there was evidenced a 
better formation of more adherent oxides.The localized corrosion was not evidenced. 
 - The corrosion products were under the form of magnetite crystalides. Their 
quantity increased with exposure time and was bigger on coupons exposed in autoclave 
circuits from the reactor inlet header, because the magnetite solubility is smaller, the 
temperature being smaller, and the coolant is probably still supersaturated in iron. 
 - The corrosion products release rate and the corrosion rate for carbon steel SA 106 
gr.B decreased, while the exposure time increased. The bigger values for these rates, 
especially at the beginning, were obtained on the coupons exposed in autoclave circuits 
from the reactor inled header. 
 - The biggest value for the total specific activity had, generally, the carbon steel 
coupons beind followed by Incoloy-800 coupons and zirconum alloys coupons 
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Abstract 
Development of this system implies investigation of the structural materials corrosion 

processes, in different conditions of water chemistry and temperature, for understanding of 
the corrosion degradation phenomena that conduct to failure of some components from 
PHTS of CANDU reactor. 

In this aim, a chemical control of the water and structural materials corrosion testing 
programme, as well as a system for data acquisition and processing, were established. 

On the basis of the experimental data, obtained from in-pile and out of-pile corrosion 
experiments, on different structural materials, a programme on computer was developed, for 
analysis of their corrosion behavior. 
 

I. Introduction 
The safety in operation of structural components from Primary Heat Transport 

System (PHTS) depends principally, on chemical characteristics of heavy water used in 
CANDU reactor coolant and moderator, temperature, as well as structural materials 
properties. 

The chemical parameters and temperature of the coolant influence the corrosion 
phenomenon, which implies the formation and thickening of some oxides and hydroxides on 
different structural materials, having various thickness and porosities, as well as the 
dissolving processes and the release of crude in coolant. 

In order to minimize the adverse effects, an optimal water chemistry control and 
corrosion monitoring programme were established. Major concerns of water chemistry in the 
primary cooling system are: to minimize corrosion of equipments and related piping, to 
control the corrosion rate, impurities concentration and fission products and to minimize 
activity transport and heat transfer surface fouling. 

Surveillance of some structural materials corrosion from primary heat transport 
system (PHTS) of CANDU-6 reactor is performing by: 

 out of pile corrosion experiments in different conditions of water chemistry and 
temperature; 

 corrosion experiments in autoclaves assembled in by-pass of CANDU-6 reactor 
primary system, and 

 corrosion analysis performed on some corroded components. 
Accumulated data are stored in databases and a data processing and evaluation 

system allow us: 
- observation of plant water chemistry; 
- to evidence the appearance and the evolution of some accelerated corrosion 

processes in primary circuit, and 
- to determine the corrosion, deposition and releasing of the corrosion products, as 

well as the characteristics of the corrosion films formed on different structural 
materials. 
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II. Water chemistry and corrosion process monitoring 
II.1. Operating chemistry during normal operation 
In PHTS of CANDU reactor, heavy water used as coolant and moderator. The use of 

heavy water in CANDU circuits is an added incentive to strive for optimum control. 
Operation parameters for heavy water used as coolant are: inlet temperature – 2650C 

(11.2MPa) and outlet temperature - 3100C (9.89MPa). 
The cooling water is in contact with different materials and their corrosion behavior is 

much affected by water qualities. 
In order to minimize the adverse effects, an optimal chemistry control has been 

proposed. Objectives of chemistry control are: minimize the degradation of the diverse 
system materials, minimize transport of radioactivity and prevent fouling of the core by 
magnetite deposition. These objectives are achieved by respecting PHTS chemistry 
specifications in normal operation, presented in Table 1 

In order to determine water qualities, e.g. pH, conductivity, lithium and dissolved D2 
concentration, cooling water to be measured is cooled down and depressurized, then is 
sampled and brought to a chemical laboratory in the plant for chemical and radioactive 
nuclide analysis. The chemical species and the radioactive nuclides collected on membrane 
filters are analyzed by gamma-ray spectrometer and then, the measured data are 
transferred from analyzers to the computer system for evaluation.  

Accumulated data are stocked in a host computer allowing easy observation of the plant 
water chemistry. 

The aggressiveness of PHT System water is reduced by controlling dissolved oxygen 
content, pH, impurities, radioactive crud and fission products (Figure 1).  

Monitoring frequency and action limit for chemical control and diagnostic parameters 
during PHTS normal operation are presented in Table 2 and Table 3. Figure 2 shows the 
flow chart for reactor water chemistry data acquisition, processing and evaluation. 

 
Table 1. PHTS chemistry specification in normal operation 

Parameter Type Specification range 
(Desired range) 

Rationale 
 

Dissolved 
Deuterium 

Control 3-10ml/kg 
(3-7ml/kg) 

Lower to prevent radiolitic oxygen 
formation 
Upper to minimize deuterium pick-up Zr-
alloys 

Dissolved 
Oxygen 

Diagnostic <10 mg/kg 
 

Minimize Zr-Nb alloy corrosion 
Minimize pitting corrosion of carbon steel 
and cracking of stainless steel 
Minimize activity transport through 
minimizing crud formation 
Minimize corrosion of Incoloy-800 

pHa  Control 10.2 – 10.8 
(10.2 – 10.4) 

       Lower limit is set by: 
Minimize deposition of magnetite in core 
Upper limit set to: 
Minimize Zr-alloys and martensitic steel 
corrosion 
Minimize FAC of carbon steel 

Conductivity Diagnostic 8 - 25μS/cm 
(8 - 20μS/cm) Used in conjunction with pHa readings 

Lithium Ion Diagnostic 0.4 – 1.1mg/kg 
(0.5 – 0.7mg/kg) Used in conjunction with pHa readings 

Chloride Ion Control <200μg/kg 
(<50μg/kg) 

Minimize pitting corrosion of Zr-alloys, 
carbon and martensitic steel 
Minimize cracking of stainless steel 
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Dissolved oxygen 
content 

(<10mg/kg D2O) 

 
pH (10.2 ÷10.8) 

 
Radioactive crud 

 
Fission products 

 
 Addition of 3 ÷10ml H2/kg D2O 

 
 Addition of 0.4÷1.1mgLi/kg D2O 

 operating with a low 
concentration of dissolved 
oxygen; 

 continuous steady state 
operation with no thermal, 
hydraulic or chemical transients; 

 operating at pH value above 10.2;
 operating with a minimum 

number of defective fuel bundles

 location and rapid removal of 
defective fuel bundles; 

 purification by ion exchange 

 
Prevention 

of Corrosion

 
Figure 1. Aggressiveness control of PHTS 

 water in CANDU reactor 
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Table 2. Chemical control parameters during PHTS normal operation 
Parameter Sample 

origin 
Specifica-
tion 

Desired 
value 

Monitoring 
frequency 

Main 
system 

10.2-10.8 10.2-10.4 1/2 days pH 

IX outlet N/A ≥IX inlet 1/2 days 
Dissolved 
(D2 (ml/kg) 

Main 
system 

3 – 10 7 1/2days 

Main 
system 

≤0.2 ALARA 1/12 days Chloride 
(mg/kg) 

IX outlet < IX inlet ALARA 1/14 days 
Main 
system 

<500 ALARA 2/7 days  I-131 
(MBq/kg) 

IX outlet <IX inlet ALARA 2/7 days 
D2 
 (%by vol) 

Cover gas 
(3333TK1) 

≤2 ALARA 1/7 days 

O2 
 (%by vol) 

Cover gas 
(3333TK1) 

≤1 ALARA 1/7 days 

N2 
 (%by vol) 

Cover gas 
(3333TK1) 

≤6 ALARA 1/7 days 

Note: IX - ion exchange;   ALARA – As Low As Reasonable Achievable 
 

Table 3. Chemical diagnostic parameters during PHTS normal operation 
Parameter Sample 

origin 
Specification Desired 

value 
Monitoring 
frequency 

Main 
system 

0.4-1.1 0.5-0.7 1/14 days Lithium 
(mg/kg) 

IX outlet >IX inlet >IX inlet 1/14 days 
Conductivity 
(μS/cm) 

Main 
system 

8-25 8-20 1/2days 

Main 
system 

<0.1 ALARA 1/90days Fluoride 
(mg/kg) 

IX outlet <IX inlet ALARA as required 
Main 
system 

<0.1 ALARA 1/30days Suspended 
solids 
(mg/kg) Gland 

Seal 
<0.010 ALARA 1/30days 

Iron (mg/kg) Main 
System 

N/A ALARA 1/14 days 

Tritium (Bq/l) Main 
System 

<9.25x1010 ALARA 1/14days 

D2O  
(% by wt) 

Main 
System 

>97.5 >98 1/7days 

Total organic 
carbon 
(mg/kg) 

Main 
System 

≤1.0 ALARA 1/14 days 

Main 
System 

0.1 ALARA 2/7days Radionuclide 
Gamma 
Scan (MBq/l) IX outlet <IX inlet ALARA 2/7 days 
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Figure 2. Basic Diagram of water chemistry  
               data acquisition and evaluation.system 

 
II.2. Corrosion processes in CANDU-6 primary system 

 In CANDU-6 reactor primary circuit are used several structural materials. Although 
corrosion resistance is an important criterion in the selection of every material, it is not the 
only one. Thus, neutron economy dictates the use of Zircaloy-4 and Zr-2.5%Nb for fuel 
cladding and pressure tubes and high tensile strength determines the use of Zr-2.5%Nb 
alloy and 400 series steel for pressure tubes and end fittings. 
 The use of carbon steel for piping, headers, feeders and shells is an inherent feature 
of the CANDU system. 
 Nickel alloy (Incoloy-800) tubing is used in the steam generators and 304L stainless 
steel for tubing of the heat exchanges. In Figure 3 is presented percentage of surface area in 
CANDU-6 PHTS, corresponding to each structural material. 
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Station 
Carbon Steel  
SA 106 gr.B 

Martensitic 
steel 403m Zy-4 Zr-2.5%Nb 

Nickel alloy 
Iy-800 

  (Feeders, etc) (End fittings) (Fuel cladding)(Pressure tubes) (Tubes) 
CANDU 6 13.8 % 3.9 % 16.7 % 3.1 % 62.4 % 

14%

4%

17%

3%

62%

Carbon Steel SA 106 gr.B

Martensitic steel 403m

Zy-4

Zr-2,5%Nb

Nickel alloy Iy-800

 
Figure 3. Structural materials in CANDU reactor primary system 

  
By general corrosion, the structural materials are covered with different oxides and 

hydroxides, which conduct to thinning or loss of a metal, more or less uniformly. 
 Reaction with carbon steel and martensitic steel conducts to formation of magnetite: 

Fe + 2D2O → Fe2+ + D2 + 2OD-; and 3Fe2+ + 6OD- → Fe3O4 (magnetite) + 2D2O + D2 . 
Reaction with zirconium alloys is: Zr + 2D2O → ZrO2 +2D2, D2 available for pickup 

and fraction picked up. Depending on temperature and concentration, D2 can all is in 
solution or that not in solution can be present as solid zirconium hydride. 
 In the case of Incoloy-800 and stainless steel beside Fe3O4 are formed Cr or Ni 
oxides, as well as complex oxides of Fe, Cr or Ni (FeCr2O4 and NiFe2O4). 
 All the HTS carbon and stainless steel surfaces are covered with magnetite (Fe3O4) 
from either the corrosion processes or from deposition out of solution. Steam generator 
alloy-800 tubes are also covered with deposits of magnetite, which have precipitated from 
the coolant as a result of temperature changes. 
 Precipitation of magnetite in the Zr-alloy core must be avoided, as it leads to: 

1. Fouling of the fuel → loss of heat transfer efficiency → potentially leading fuel 
failures, and 

2. increased radiation fields around the circuit from neutron activation of trace elements, 
e.g., 59Co → 60 
Magnetite solubility depends on electrochemical potential of the solution. It depends 

on:  pH (pHa) of the solution, and concentration of H2
 (D2). 

 Above a certain pH (pHa), the solubility increases with temperature. This is the region 
where the HTS coolant should be operated. 

Below a certain pH (pHa), the solubility decreases with temperature. Must avoid this 
regime in CANDU reactor, as this can conducts to deposits in-core. 

In normal conditions of the operation and water chemistry, the general corrosion did 
not limit life of structural components. But, localized corrosion processes can conduct to 
failure of some components and leakages of the coolant. The principal localized corrosion 
forms in CANDU-6 PHTS, as well as the testing conditions and processing data methods are 
presented in Figure 4. 
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CANDU REACTOR LOCALIZED CORROSION 
  

Pitting 
 Corrosion 

Crevice 
Corrosion 

Galvanic 
Corrosion 

Flow Accelerated 
Corrosion 

Fretting 
Corrosion 

Hydrogen 
Embrittlement

Stress Corrosion
Cracking 

Nodular 
Corrosion 
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 Components/zones with high degradation potential

-contact 
zone of fuel 
elements 
sheaths with 
fuel bundle 
bearing 
pads  

-feeders; 
-end fittings; 
-fuel cladding; 
- pressure 
tubes; 
- heat 
exchanger 
tubes 

-contact zone 
between 
pressure tubes 
and end fittings; 
-contact zone of 
pressure tubes 
with fuel bundle 
bearing pads. 

-contact zone of Zr-
2.5%Nb pressure tube 
with: 
a) 403m martensitic 
steel end fittings, and 
b) Inconel X750 spacer 
rings 

-outlet 
feeders; 
-pipes for 
condensate 
and steam 
circuit; 
-pumps and 
control valves 

-fuel elements 
sheaths; 
-heat 
exchanger 
tubes 
-welded zones

-zone of pressure 
tubes with high 
residual stresses; 
-hardened or 
welded zones of  
Incoloy-800, 
martensitic and 
feritic steel 

-fuel elements 
sheaths 
(Zircaloy-4) 

 Testing Conditions 

 

 
 Figure 4. Localized corrosion evaluation in 

primary circuit of CANDU Reactor 

T=3100 0 0 0 0 0 0 0C 
(9.8MPa) 
-pH=10.5 and  
[Cl- -]>1ppm or 
[F- }>0.5ppm 
-pH>11 

T=310 C 
(9.8MPa) 
-pH>10.8 and 
half- closed/ 
under deposits 
zones   

T=310 C (9.8MPa) 
-pH=10.5 
-H2≥3MPa 
-galvanic contact 
with a more noble 
metal 
 

T=310 C (9.8MPa) 
-pH=10.5 –10.8 
-high velocity ( 17m/s); -
high turbulence, and 
-coolant unsaturated in 
iron 
 

T=310 C 
(9.8MPa) 
-pH=10.5 
-high 
mechanical 
vibrations 
 

T=310 C (9.8MPa) 
-mechanical 
tensions and  
a) fission products (I. 
Cs), or  
b) Cl-, OH-, H2
 

T=310 C (9.8MPa) 
-high residual 
tensions, and 
-corrosion product 
hydrogen picked up 
by metal 

T= 400-500 C 
(zone under 
deposits), or 
[O2] >100ppb 
and neutron 
flux 

Processing data methods

-determination of initiation and 
repassivation pits potential; 
-metallographic and electronic 
microscopy (aspect, depth, 
density and morphology of the 
localized attacks and metal 
structure); 
-XPS, XRD and EIS (chemical  
and per-cent composition and 
adherence of corrosive films) 

-gravimetric determinations 
(corrosion kinetics); 
-examinations by metallographic 
and electronic microscopy 
(thickness, aspect and 
morphology of the corrosive 
films and hydrides); 
-XPS, XRD and EIS (chemical  
and per-cent composition and 
adherence of corrosive films) 

-gravimetric determinations; 
(evaluate the erosion-corrosion 
rate); 
-examinations by metallographic 
and electronic microscopy 
(aspect and morphology of the 
localized attacks and 
measurement of the wall 
thinning) 

-determination of the SCC 
initiating / fissuring time; 
-evaluation of the crack growth 
rate; 
-examinations by metallographic 
and electronic microscopy 
(aspect and morphology of 
localized attack, cracks and 
structure) 

-gravimetric 
determinations;  
- metallographic and 
electronic microscopy 
(aspect and 
morphology of nodular 
attack and hydrides); 
-XRD analysis 
(chemical composition 
and structure of oxide) 

Assessment of components integrity 



 

II.3. Structural materials corrosion testing programme 
The structural materials corrosion of CANDU-6 primary circuit was investigated 

extensively, by theoretical and experimental studies, allowing us to accumulate data and 
knowledge on mechanism of the corrosion processes related to characteristics of the 
material and environment presented in Figure 5.  
 

C
or

ro
si

on
 MATERIAL 

-Chemical composition 
-Microstructure 
-Mechanical properties 
-Surface condition 

ENVIRONMENT 
-Chemical composition 
-Temperature 
-Flow rate 
-Crevices 
-Potential (galvanic contact) 

 
 
 

Figure 5. 
Parameters that 
influence corrosion

Structural materials corrosion testing programme follows: 
• elaboration of the evaluation methodology of the structural materials corrosion behavior; 
• development of the database regarding corrosion behavior and modeling of some 

oxidation processes; 
• establishment of the causes that conducted to failure of some components and possible 

remedies. 
In this aim, a lot of corrosion experiments were performed: 

- out of pile corrosion experiments in different conditions of material, water chemistry and 
temperature; 

- corrosion experiments in autoclaves assembled in by-pass of CANDU -6 PHTS, and 
- corrosion analyses performed on some corroded components. 

The out of pile corrosion experiments were performed by: chemical accelerated tests 
in accordance with ASTM, static autoclaving and electrochemical methods (galvanostatic-
GS, potentiostatic-PS, potentiodynamic-PD and cyclic polarization-PC). These experiments 
were performed on different structural materials in normal and abnormal operation conditions 
of water chemistry and temperature, being investigated several corrosion processes. 

To monitor the effects of operating chemistry on corrosion and the build-up of activity 
on some structural materials and to show important effects in the field of activity transport, 
one Autoclave System is assembled in by-pass of primary circuit at Cernavoda-1 NPP. 

The Autoclave System consists of four autoclave circuits (Y1-Y4), one from the 
reactor outlet header to the boilers (Y1 or Y4) used to measure corrosion at the reactor 
outlet conditions (3100C) and one from the circulating pump discharge to the reactor inlet 
header (Y2 or Y3) used to measure corrosion at the reactor inlet conditions (2600C), on each 
of the two PHT loops. 

Using appropriate geometric designs, beside the generalized corrosion, a wide 
variety of corrosion phenomena may be studied: stress-assisted corrosion, galvanic attack, 
crevice corrosion, as well as heat-affected zones. 

To facility a rapid access to the information related to corrosion data, an informative 
system for the storage and the administration of data into database was developed. 
 “Corrosion” database contains the data describing corrosion behavior of some 
structural materials obtained in out of pile corrosion experiments, and “CNECorozi Test” 
database contains the data concerning the characterization and the corrosion analysis of 
coupons exposed, several periods of time, in PHTS autoclaves of CANDU 6 reactor. 

To evaluate the corrosion behavior of zirconium alloys, nickel alloys, stainless and 
carbon steel were used the following methods: gravimetry, optical and electronic 
microscopy, XRD (X-Ray Diffraction), XPS (X-Ray Photoelectron Spectroscopy) and EIS 
(Electrochemical Impedance Spectroscopy) analysis. 

Data flux in informative system for assessment corrosion is presented in diagram 
from Figure 6. 
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Physical analysis methods: 
XPS, XRD, metallographic 
and electronic microscopy 

Out-of-pile 
experiments 

In-pile 
experiments 

Corroded components 
analysis 

Data collection 

Electrochemical analysis 
methods: 

GS,PS, PD, CP and EIS

Chemical analysis methods:
- chemical descaling; 
- pH; conductivity; 
- concentration of some 

chemical elements 

Data acquisition system 
Control instrument 

Data acquisition system 
Control instrument 

Data acquisition system 
Control instrument 

Data processing system  Data processing system  Data processing system  

Database “Corrosion and CNECoroziTest”

Data analysis System  

Water 
chemistry 

assessment 
 

Material 
environment 

iteraction 
modelling 

Normal 
operation 
procedure 

Water 
chemistry 
criteria 
renewal 

No 
significant 
failure 

Within 
design 
levels 

Significant 
failure 

Material 
tendency 
analysis 

Corrosion 
phenomena 
diagnosis 

N.P.P. 

To detect failure of components 
To predict future failures 

 
Water chemistry 

optimization 

Figure 6. Data flux in informative system for assessment corrosion 



            In the frame of the data analysis system, a programme on computer – “GEMXESAN” 
was developed. 

 
II.3.1. Summary description of  “GEMXESAN” programme  
“GEMXESAN” programme is an interactive programme developed in Visual Basic 5, 

which allows analysis of the information obtained from long time corrosion experiments 
performed in pile and out of pile, on different structural materials, from primary and 
secondary circuit of CANDU-6 reactor. 

The name of the programme proceeds from the name of the analyses performed for 
extraction of the information: Gravimetry, Electrochimy, Metallography, X-Ray Diffraction, 
Electronic, Spectroscopy Analysis. 

The programme cumulates and presents experimental models and the results 
obtained by different analysis techniques, assuring a rapid and efficient information on 
structural materials studied and on experimental conditions of corrosion tests for to evidence 
a lot of corrosion processes, specifically of the normal and abnormal operation conditions. 

In the programme implementation has been used a “Circ Primar.mdb” database, 
which permits selection of the alloy and structural components types studied (Table 4), as 
well as the corrosion types, which appear in certain conditions (Table 5). Also, the 
programme is based on a collection of the files with experimental data stocked in the two 
databases:”Corrosion “ and “CNE Corozi Test”. 

 
Table 4 Structural materials from “Circ Primar.mdb” database 

 
 

      Table 5. Experiments from “Circ Primar.mdb” database 
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The principal form of the application “PHTS- Corrosion Experiments” from frame of 
”GEMXESAN” programme is that which displays the information from databases and files 
which contain the description of the materials and experimental conditions (Figure 7). 

 

 
Figure 7. The principal form of the application “PHTS- Corrosion Experiments” 
 
The notations from figure have the following significances:  
• List control (1) – “ Alloy type”, which permits the selection of the alloy type studied; 
• List control (2) – “Structural Components”, which permits the selection of a 

component from reactor fabricated from selected alloy. These components are selected from 
“ Circ Primar.mdb” database. 

• Text control (3) and (4) – sub control of text (3) “Material Description”, which 
displays the formula or generic name of the alloy for selected component, as well as the 
properties of the selected alloy in normal operating conditions. Files from folder “\date\Circ 
Primar\” tie this control; 

• List control (5) with two options: “Reactor Inside” and “Reactor Outside”, which 
permits the selection of the experiments performed; 

• List control (6) – “Corrosion types studied”, which displays the corrosion types 
studied for selected component from list (2) in accordance with experiments selected from 
list (5); 

• Text control (7) – “Experimental Parameters”, which displays the experimental 
conditions specifically for each corrosion type selected from list (6); 
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• In the case when is selected option “ Accelerated corrosion” appears another list 
(8), from which can be selected the parameters for acceleration of the corrosion. The 
parameters, which accelerate the corrosion and were introduced in database of the 
programme, are: 
- temperature (T>310oC); 
- LiOH pH (pH>10.5); 
- concentration of dissolved oxygen (O2 concentration > 0.1ppm); 
- concentration of chlorine (Cl- concentration > 0.2ppm), and 
- concentration of florine (F- concentration >0.1ppm). 

• 5 Command controls (9), which permit opening of a form for presentation of the 
experimental results obtained by analysis, performed in each case selected. 

The presented data constitute a systematization of the results from studies 
performed on sample lots, each lot containing more samples. Because the data do not 
present analogues to be organized in form of recordings and fields, has been developed a 
structure of subfolders and implemented subroutines for connection of the databases with 
the descriptive files or the files containing results from analyses. 

For example, the accelerated corrosion behavior (t=310-600oC) of Zr-2.5%Nb 
(pressure tube alloy) is presented. 

Thus: 
 “Gravimetry Analysis” command opens the form that presents the kinetic corrosion 

parameters, as well as the corrosion kinetics (Figure 8); 
 

 
Figure 8. “Gravimetry Analysis” form 

 
 

 “Electrochemical Analysis” command opens the form that presents, generally results 
obtained by different electrochemical methods, but in this case presents results of EIS 
determinations performed on oxidized surfaces at different temperatures (Figure 9); 
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Figure 9.“Electrochemical Analysis” form 

 
 “Microstructural Analysis” command opens the form that presents the aspect and 

thickness of oxide films, the hydriding process, as well as morphology of the oxidized 
surfaces or the oxide films in cross section (Figure 10); 

 

 
Figure 10. “Microstructural Analysis” form 

 
 “XRD Analysis” command opens the form that presents the structure and chemical 

composition of the corrosive films (Figure 11), and 
 “XPS Analysis” command opens the form that presents the superficial composition of 

the corrosive films/oxides (Figure 12).  
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Figure 11. “XRD Analysis” form 

 

 
Figure 12. “XPS Analysis” form
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Data processing and analysis system allow us diagnosis of the corrosion phenomena 

and modelling of some oxidation processes. 
 
II.3.2 Model for Zr-2.5%Nb alloy oxidation 
By processing of data obtained on Zr-2.5% Nb alloy from isothermal oxidation 

experiments, a semi empirical model was determined, to describe the change in Zr-2.5%Nb 
oxidation mechanism in temperature range of 270oC÷650oC. 

On the basis of this semi-empirical model, the values for kp (rate constant for 
parabolic dependence of weight gain - ΔW = kp t1/2) and kl (rate constant for linear 
dependence of weight gain - ΔW =kl t), as well as ΔWtrn (weight gain at transition in corrosion 
kinetics) were calculated. 

Thus, considering that rate constants of the model (kp and kl) have an Arrhenius type 
temperature dependence (ki=k01exp-Q/RT), the following expressions were obtained:  
- kp(mg/dm2s1/2) = 5.040 x 106 exp (-17951/1.987 T), for 270 - 650°C   (1), and  
Q (activation energy)=17915 cal/mol. 
- kl(mg/dm2s) = 3.736 x 109 exp (-29574/1.987 T), for 400 - 650°C   (2), and  
Q = 29574 cal/mol. 

The temperature dependence for kp and kl is presented in Figure13 and 14  
 

Figure 13. The determination of the temperature 
dependence of kp for the temperature range 

 2700C – 6500C 

Figure 14. The determination of the temperature 
dependence of kl for the temperature range 

 4500C – 6500C 
 
The weight gain at transition (ΔWtrn) was calculated, taking into account that, at 

transition time (ttrn) both rate laws are valid: 
ΔWtrn = kpttrn1/2 = klttrn   (3) ⇒ ttrn = (kp/kl)2   (4), and 
ΔWtrn = kp

2/kl    (5) 
Substituting in equation (4) and (5) the values of kp and kl from equation (1) and (2), 

the following expressions for ttrn and ΔWtrn results:  
-ttrn = 1.82 x 10-6exp (23248/1.987 T)   (7), for 400 - 650°C and 

 -ΔWtrn = 6800 exp (-6327/1.987 T)    (8), for 400 - 650°C   
Comparison, between the model predictions and experimental data, showed a good 

agreement, especially for data in the temperature range 400-650oC (Figure15 and 16). 
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Figure15. The oxidation 
kinetics: model versus 
experimental data at 
4000C, 4500C and 
5000C 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure16. The oxidation 
kinetics: model versus 
experimental data at 
5500C, 6000C and 
6500C 

 
 

III. Summary 
 Development of an information system for water chemistry and corrosion in 

CANDU reactor PHTS assures a rapid and efficient information on: 
• water chemistry assessment (normal operation procedures and water 

chemistry criteria renewal); 
• corrosion assessment (determination of the corrosion rates, deposition and 

releasing of the corrosion products, as well as the characteristics of oxide 
films) after different operation periods; 

• appearance and evolution of some accelerated corrosion processes; 
• modelling of some oxidation processes. 

 These information conduct to: 
- water chemistry optimization; 
- early detection of some corrosive failures; 
- investigation of the failures causes and identification of the solutions for 

corrosion diminution. 
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Informative system for water chemistry and 
corrosion assessment 

Development of informative system for water chemistry 
and corrosion assessment in primary circuit of CANDU-6 
reactor involves a lot of activities regarding:

ater chemistry control during normal operation, shutdown 
and start-up;

tructural materials corrosion processes investigation, in 
different conditions of material, water chemistry and 
temperature, and,

nderstanding of the corrosion degradation phenomena, 
hi h d t t f il f PHTS t t l



Chemical Control of PHTS

bjectives:

eep chemical parameters within specified limits in order to 
minimize corrosion of equipment and related piping;

ontrol the corrosion rate, impurities concentration and 
fission products;

inimize activity transport and heat transfer surfaces 
fouling by controlling the crud movement and removal, 



PHTS Chemistry Specification in Normal 
Operation

Parameter Type
Specification range
(Desired range) Rationale

Dissolved 
Deuterium

Control 3-10ml/kg
(3-7ml/kg)

Lower to prevent radiolitic oxygen formation
Upper to minimize deuterium pick-up Zr-alloys

Dissolved 
Oxygen

Diagnostic <10 mg/kg Minimize Zr-Nb alloy corrosion
Minimize pitting corrosion of carbon steel and cracking of stainless 
steel
Minimize activity transport through minimizing crud formation
Minimize corrosion of Incoloy-800

pHa Control 10.2 – 10.8
(10.2 – 10.4)

Lower limit is set by:
Minimize deposition of magnetite in core

Upper limit set to:
Minimize Zr-alloys and martensitic steel corrosion
Minimize FAC of carbon steel

Conductivity Diagnostic 8 - 25μS/cm
(8 - 20μS/cm)

Used in conjunction with pHa readings

Lithium Ion Diagnostic 0.4 – 1.1mg/kg
(0.5 – 0.7mg/kg)

Used in conjunction with pHa readings

Chloride Ion Control <200μg/kg
(<50μg/kg)

Minimize pitting corrosion of Zr-alloys, carbon and 
martensitic steel
Minimize cracking of stainless steel



Aggressiveness control of PHTS
water in CANDU reactor

Dissolved oxygen 
content

(<10mg/kg D2O)

Dissolved oxygen 
content

(<10mg/kg D2O)

pH (10.2 ÷10.8)pH (10.2 ÷10.8)

Radioactive crudRadioactive crud

Fission productsFission products

Addition of 3 ÷10ml H2/kg D2O
Addition of 3 ÷10ml H2/kg D2O

Addition of 0.4÷1.1mgLi/kg D2O
Addition of 0.4÷1.1mgLi/kg D2O

operating with a low concentration 
of dissolved oxygen;
continuous steady state operation 

with no thermal, hydraulic or 
chemical transients;
operating at pH value above 10.2;
operating with a minimum number 

of defective fuel bundles

operating with a low concentration 
of dissolved oxygen;
continuous steady state operation 

with no thermal, hydraulic or 
chemical transients;
operating at pH value above 10.2;
operating with a minimum number 

of defective fuel bundles

location and rapid removal of 
defective fuel bundles;
purification by ion exchange

location and rapid removal of 
defective fuel bundles;
purification by ion exchange

Prevention 
of Corrosion
Prevention 

of Corrosion



Basic Diagram of water chemistry 
data acquisition and evaluation system

 
R e a c t o r  w a t e r  

c h e m i s t r y  
d a t a  

 
I n - p u t  d a t a  

 
O u t - p u t  d a t a

D a ta  
a c q u is i t io n  

s y s te m  

R e g is t r e d  
v a lu e s  

G r a p h y c a l  
p r e s e n ta t io n  

D a ta  
e v a lu a t io n  

I s  w i t h in  
s p e c if ic a t io n  

I s  n o t  w i t h in  
s p e c if ic a t io n  

 

A c t io n  L im it  
 

L e v e l 3       L e v e l  2       L e v e l  1

P a r a m e te r s  :  
-  c o n t r o l  
-  d ia g n o s t ic  

V a lu e  
a )  s p e c i f ic a t io n  
b )  d e s i r e d  

S a m p le  
o r ig in  

M o n ito r in g  
f r e q u e n c y  

 



Chemical control parameters during PHTS 
normal operation

Parameter Sample 
origin 

Specifica-
tion 

Desired 
value 

Monitoring 
frequency 

Main 
system 

10.2-10.8 10.2-10.4 1/2 days pH 

IX outlet N/A ≥IX inlet 1/2 days 
Dissolved 
(D2 (ml/kg) 

Main 
system 

3 – 10 7 1/2days 

Main 
system 

≤0.2 ALARA 1/12 days Chloride 
(mg/kg) 

IX outlet < IX inlet ALARA 1/14 days 
Main 
system 

<500 ALARA 2/7 days  I-131 
(MBq/kg) 

IX outlet <IX inlet ALARA 2/7 days 
D2 
 (%by vol) 

Cover gas 
(3333TK1) 

≤2 ALARA 1/7 days 

O 2 
 (%by vol) 

Cover gas 
(3333TK1) 

≤1 ALARA 1/7 days 

N2 
 (%by vol) 

Cover gas 
(3333TK1) 

≤6 ALARA 1/7 days 

 



Chemical diagnostic parameters during 
PHTS normal operation

Param eter Sam ple 
orig in 

Specification Desired 
value 

Monitoring 
frequency 

Main 
system  

0.4-1.1 0.5-0.7 1/14 days Lith ium  
(m g/kg) 

IX  outlet > IX  in let > IX  in let 1/14 days 
Conductivity 
(μS/cm ) 

Main 
system  

8-25 8-20 1/2days 

Main 
system  

<0.1 ALARA 1/90days F luoride 
(m g/kg) 

IX  outlet < IX  in let ALARA as required 
Main 
system  

<0.1 ALARA 1/30days Suspended 
solids 
(m g/kg) G land 

Seal 
<0.010 ALARA 1/30days 

Iron (m g/kg) Main 
System  

N/A ALARA 1/14 days 

T ritium  (Bq/l) Main 
System  

<9.25x1010 ALARA 1/14days 

D 2O   
(%  by wt) 

Main 
System  

>97.5 >98 1/7days 

Total organic 
carbon 
(m g/kg) 

Main 
System  

≤1.0 ALARA 1/14 days 

Main 
System  

0.1 ALARA 2/7days Radionuclide 
G am m a 
Scan (MBq/l) IX  outlet < IX  in let ALARA 2/7 days 

 



PHTS Chemistry in 2003 – Loop 2



Correlation of PHTS data for [Li], 
conductivity and pHa at 25oC

Line (A) is an example of a 
correlation indicating pHa, is a valid 
number;
Line (B) is an example of a 
correlation indicating contamination 
of the HTS coolant;
Line (---) indicated the pHa, 
calculated from the Li+
concentration.

pH [Li+] (µg/kg) Conductivity(mS/m)

10.8 1,37 3.44

10.4 0.55 1.37

10.2 0.34 0.86

10 0.22 0.55



Action Limit and Actions for pH

A c tio n  L im it A c t io n s  
L e v e l  3  

< 1 0 .2  
 
 
 
 
 
 

 
 

> 1 0 .4  

R e tu rn  p a ra m e te r to  s p e c if ic a tio n  a s  s o o n  a s  p o s s ib le . If p a ra m e te r is  n o t w ith in  
s p e c if ic a tio n  in  o n e  w e e k , p ro c e e d  to  A c tio n  L e v e l 2 . 
1 . C o n firm  a n a ly s is  
2 . In c re a s e  p u r if ic a tio n  f lo w  if  p o s s ib le . 
3 . C h e c k  lith iu m  c o n c e n tra tio n  a n d  c o n d u c tiv ity . If  l ith iu m  is  lo w , c h e c k  IX  
p e rfo rm a n c e  b y  s a m p lin g  IX  in le t a n d  o u tle t. 
4 . I f l ith iu m  c o n c e n tra tio n  is  w ith in  s p e c if ic a tio n , re p la c e  re s in  a n d  v a lv e  in  fre s h  
c o lu m n  to  re m o v e  c a rb o n a te . 
5 . If  th e  lith iu m  c o n c e n tra tio n  is  s t ill lo w , a d d  lith iu m  h y d ro x id e  a s  re q u ire d . 
 
1 . C o n firm  a n a ly s is . 
2 . C h e c k  lith iu m  c o n c e n tra tio n . I f l ith iu m  c o n c e n tra tio n  is  h ig h , u s e  n o n lith ia te d  
re s in  to  re d u c e  h ig h  p H  c o n d it io n . 
3 . R e s a m p le  a n d  c h e c k  p H ; w h e n  p H  is  a t th e  lo w e r lim it o f s p e c if ic a tio n  is o la te  
n o n lith ia te d  re s in  c o lu m n . 
 

L e v e l 2  
 

<  8  

R e tu rn  p a ra m e te r to  s p e c if ic a tio n  w ith in  o n e  d a y  o th e rw is e  a n  U E R  is  re q u ire d . 
1 . C o n firm  a n a ly s is . 
2 . C h e c k  p u r if ic a tio n  f lo w  a n d  IX  p e rfo rm a n c e . 
3 . V a lv e  in  a  fre s h  c o lu m n . 
4 . If  th e  lith iu m  c o n c e n tra tio n  is  a ls o  lo w , a d d  lith iu m  h y d ro x id e  to  b r in g  p H  w ith in  
s p e c if ic a tio n . 
 

>  1 2  1 . C o n firm  a n a ly s is . 
2 . U s e  n o n lith ia te d  re s in  to  re d u c e  h ig h  p H  c o n d it io n . 
3 . T a k e  s a m p le  a t e a c h  h o u r  a fte r v a lv e  in  n o n lith ia te d  re s in  a n d  c h e c k  p H : w h e n  
p H  is  a t th e  lo w e r lim it o f s p e c if ic a tio n , is o la te  n o n lith ia te d  re s in  c o lu m n . 

L e v e l 1  
>  1 2 .5  

Im m e d ia te ly  re tu rn  p a ra m e te r in to  s p e c if ic a tio n  o r s h u t th e  u n it d o w n  w ith in  fo u r 
h o u rs . 

 



Structural Materials in CANDU Reactor 
Primary System

 

Station 
Carbon Steel  
SA 106 gr.B 

Martensitic 
steel 403m Zy-4 Zr-2.5%Nb 

Nickel alloy 
Iy-800 

  (feeders, etc) (End fittings) (Fuel cladding)Pressure tubes) (Tubes) 
CANDU 6 13.8 % 3.9 % 16.7 % 3.1 % 62.4 % 

14%

4%

17%

3%

62%

Carbon Steel SA 106 gr.B

Martensitic steel 403m

Zy-4

Zr-2,5%Nb

Nickel alloy Iy-800



Corrosion Testing Programme

Corrosion

MATERIAL
-Chemical composition
-Microstructure
-Mechanical properties
-Surface condition

ENVIRONMENT
-Chemical composition
-Temperature
-Flow rate
-Crevices
-Potential (galvanic contact)

Parameters that influence corrosion



Corrosion Testing Programme
Objectives:
development of methodology for structural materials corrosion 

evaluation;
development of the database regarding corrosion behavior 

and modeling of some oxidation processes;
establishment of the causes that conducted to failure of some 

components and possible remedies.
Experiments:
- out of pile corrosion experiments in different conditions of 
material, water chemistry and temperature;
- corrosion experiments in autoclaves assembled in by-pass 
of CANDU -6 PHTS, and
- corrosion analyses on some corroded components.



Evaluation of Localized Corrosion in PHTS 
CANDU Reactor

 

P itting  
 C orros ion  

C rev ice  
C orros ion  

G alvan ic  
C orros ion  

F low  A ccelerated  
C orros ion  

Fretting  
C orros ion  

S tress C orrosion
C racking  

H ydrogen  
E m brittlem ent

N odular 
C orrosion  

C AN D U  R E AC TO R  LO C ALIZED  C O R R O SIO N 

C om ponents/zones w ith h igh degradation poten tia l

-feeders ; 
-end  fittings; 
-fue l c ladd ing ; 
- p ressure 
tubes; 
- hea t 
exchanger 
tubes 

-con tact zone  
be tween 
p ressure  tubes 
and  end  fittings; 
-con tac t zone  o f 
p ressure  tubes 
w ith  fue l bund le  
bearing  pads. 

-con tac t zone  o f Z r-
2 .5% N b pressure tube  
w ith : 
a ) 403m  m artens itic 
s teel end  fittings, and  
b ) Inconel X750  spacer 
rings 

-ou tle t 
feeders ; 
-p ipes fo r 
condensa te  
and  s team  
c ircu it; 
-pum ps and  
con tro l va lves

-con tact 
zone  o f fue l 
e lem ents  
sheaths w ith
fue l bundle  
bearing  
pads  

-fue l e lem ents  
sheaths; 
-hea t 
exchanger 
tubes 
-we lded  zones

-zone  o f p ressure  
tubes w ith  h igh  
res idua l s tresses;
-hardened or 
we lded  zones o f  
Incoloy-800 , 
m artens itic and 
fe ritic  steel 

-fue l e lem ents  
sheaths 
(Z irca loy-4 ) 

Testing C ond itions

T=310 0C  
(9 .8M P a) 
-pH =10.5 and  
[C l- -]>1ppm  or 
[F - }>0.5ppm  
-pH >11 

T=310 0C  
(9 .8M P a) 
-pH >10.8 and 
ha lf- c losed/ 
under depos its  
zones   

T=310 0C  (9 .8M P a) 
-pH =10.5 
-H 2≥3M P a 
-ga lvan ic  contact 
w ith  a  m ore nob le  
m eta l 
 

T=310 0C  (9 .8M P a) 
-pH =10.5 –10.8  
-h igh ve loc ity ( 17m /s); -
h igh turbu lence, and 
-coo lant unsatura ted in  
iron 
 

T=310 0C  
(9 .8M P a) 
-pH =10.5 
-h igh 
m echanica l 
v ibra tions 
 

T=310 0C  (9 .8M P a) 
-m echanical 
tens ions and  
a) fission products  (I. 
C s), or  
b ) C l-, O H -, H 2 
 

T=310 0C  (9 .8M P a) 
-h igh res idua l 
tens ions, and 
-corros ion product 
hydrogen p icked up 
by m eta l 

T= 400-500 0C  
(zone under 
depos its ), o r 
[O 2] >100ppb 
and neutron 
flux  

Processing d ata m ethods

Assessm ent o f com ponents in tegrity 

-de te rm ination  o f in itia tion  and 
repass iva tion  p its po ten tia l; 
-m eta llog raphic  and  e lec tron ic 
m icroscopy (aspect, dep th , 
density and m orphology o f the 
localized  a ttacks and  m eta l 
s tructu re ); 
-XP S , XR D  and  E IS  (chem ica l  
and  per-cen t com position  and  
adherence  o f co rros ive  film s) 

-g ravim etric  de te rm ina tions 
(corros ion  kine tics); 
-exam ina tions by m eta llog raphic  
and  e lectronic  m icroscopy 
(th ickness, aspect and  
m orpho logy o f the  corrosive  
film s and  hydrides); 
-XP S , XR D  and  E IS  (chem ica l  
and  per-cen t com position  and  
adherence  o f co rros ive  film s) 

-g ravim etric  de te rm ina tions; 
(eva lua te the  e ros ion-corros ion  
ra te ); 
-exam ina tions by m eta llog raphic  
and  e lectronic  m icroscopy 
(aspect and  m orpho logy o f the 
localized  a ttacks and  
m easurem ent o f the  wa ll 
th inn ing) 

-de te rm ination  o f the  S C C  
in itia ting  / fissuring  tim e; 
-eva lua tion  o f the  crack g row th 
ra te ; 
-exam ina tions by m eta llog raphic  
and  e lectronic  m icroscopy 
(aspect and  m orpho logy o f 
localized  a ttack , c racks and  
s tructu re ) 

-g ravim etric  
de te rm inations;  
- m eta llog raph ic and 
e lectron ic  m icroscopy 
(aspect and  
m orpho logy o f nodu la r 
a ttack  and  hydrides); 
-XR D  ana lys is  
(chem ica l com pos ition  
and  s tructu re  o f oxide) 



Data Flux in Informative System for Assessment Corrosion
 

P h y s ic a l a n a ly s is  m e th o d s :  
X P S ,  X R D ,  m e ta l lo g r a p h ic  
a n d  e le c t r o n ic  m ic r o s c o p y

O u t - o f - p i l e  
e x p e r im e n t s  

In - p i l e  
e x p e r im e n t s  

C o r r o d e d  c o m p o n e n t s  
a n a ly s is  

D a t a  c o l l e c t io n  

E le c t r o c h e m ic a l  a n a ly s is  
m e th o d s :  

G S ,P S ,  P D ,  C P  a n d  E IS

C h e m ic a l a n a ly s is  m e th o d s :
-  c h e m ic a l  d e s c a l in g ;
-  p H ;  c o n d u c t iv i t y ;  
-  c o n c e n t r a t io n  o f

s o m e  c h e m ic a l

D a ta  a c q u is i t io n  s y s te m  
C o n t r o l  in s t r u m e n t  

D a ta  a c q u is i t io n  s y s te m  
C o n t r o l  in s t r u m e n t  

D a ta  a c q u is i t io n  s y s te m  
C o n t r o l  in s t r u m e n t  

D a ta  p r o c e s s in g  s y s te m   D a ta  p r o c e s s in g  s y s te m   D a ta  p r o c e s s in g  s y s te m   

D a t a b a s e  “ C o r r o s io n  a n d  C N E C o r o z iT e s t ”  

D a t a  a n a ly s is  S y s t e m   

W a t e r  
c h e m is t r y  

a s s e s s m e n t  
 

M a t e r ia l  
e n v i r o n m e n t  

i t e r a c t io n  
m o d e l l in g  

N o r m a l 
o p e r a t io n  
p r o c e d u r e  

W a te r  
c h e m is t r y  
c r i t e r ia  
r e n e w a l 

N o  
s ig n if ic a n t  
f a i lu r e  

W ith in  
d e s ig n  
le v e ls  

S ig n if ic a n t  
f a i lu r e  

M a te r ia l  
t e n d e n c y  
a n a ly s is  

C o r r o s io n  
p h e n o m e n a  

d ia g n o s is  

N .P .P .  

T o  d e te c t  f a i lu r e  o f  c o m p o n e n ts  
T o  p r e d ic t  f u t u r e  f a i lu r e s  

 
W a te r  c h e m is t r y  

o p t im iz a t io n  



Corrosion Database-Gravimetrical Analysis



Corrosion Database- Corrosion Kinetics



CNE CoroziTest Database – Visual Examination



CNE CoroziTest Database -
Microscopical Analysis



Corrosion Evaluation - GEMXEAN Program



Gravimetric Analysis – “PTTOGA.doc”

Temperature (oC) Pre-transition ΔW=K1tn Post-transition ΔW=K2t +C 
 K1(mg/dm2day) n K2 (mg/dm2day) ttransition(days) 

310 0.373±0.125 0.716±0.055   
350 0.581±0.052 0.877±0.036   
400 3.424±1.049 0.713±0.108 0.527±0.020 30 
450   4.375±0.192  
500   10.923±0.679  
600   137.513±11.248  

 



Microscopical Analysis – “PTTOMA.doc”
Oxidation Process

Testing conditions  Oxide thickness(μm)    Metallographic aspect of oxide(x500)
310oC –100 days   1      black, compact and uniform oxide(a) 
400oC – 100 days  5     light-gray, relatively compact and         
     uniform oxide(b) 
500oC – 20 days  21    light-gray and brown, relatively uniform 

oxide (c) 
600oC – 15 days  120    light-gray and white-like, non-uniform  
       and cracked oxide (after 5 testing days 

appeared fissures ) (d) 



Microscopical Analysis – “PTTOMA.doc”
Hydriding Process

a) b) 

c) d) 

Testing conditions Concentration of hydrogen 
absorbed ppm)

Metallographic aspect of hydrides (x250)

310oC – 100 days >10 very small hydrides (a)
400oC – 50 days 60 bigger hydrides and relatively rare (b)
500oC – 20 days 320 bigger hydrides and numerous (c)
600oC – 10 days 800 very numerous hydrides and branched aspect (d)



a) b)

c)

Microscopical Analysis – “PTTOMA.doc”
Morphological aspect 

Testing condition Morphology of surface and oxides
400oC – 100 days -some pores and little fissures on oxidated surface (a)

500oC – 20 days - fissures in the oxide layer (b)
600oC – 15 days - interconnected pores structure at oxide/metal interface(c)

c)



Electrochemical Analysis – “PTTOEA.doc”
EIS determinations

Oxides Slope θ-phase 
(o) 

Impedance 
(Ω)

Compact and uniform oxide (1μm) (x) -0.920 86 1.832 x 1010

Relative compact and uniform oxide (5μm)(+) -0.878 79 3.246 x 109

Relative porous oxide (21μm)([]) -0.751 68 2.014 x 109

Nonuniform, porous oxide and with fissures 
(120μm)(o)

-0.323 31 1.632 x 106



XRD Analysis – “PTTOXD.doc”

Oxide - 1μm thickness (310oC-100 days)



XRD Analysis – “PTTOXD.doc”

Oxide - 5μm thickness (400oC-100 days)



XPS Analysis – “PTTOXP.doc”

Testing conditions Superficial composition of the film (% atomic)

ZrOx (x<1) ZrO Zr(OH)2 ZrO2 ZrO2+x (x<1)

310oC-100 days 1μm 49.5 50.5 - - -



XPS Analysis – “PTTOXP.doc”

Testing conditions Superficial composition of the film (% atomic)

ZrOx (x<1) ZrO Zr(OH)2 ZrO2 ZrO2+x (x<1)

400oC-100 days 5μm - - 42.8 57.2 -



XPS Analysis – “PTTOXP.doc”

Testing conditions Superficial composition of the film (% atomic)

ZrOx (x<1) ZrO Zr(OH)2 ZrO2 ZrO2+x (x<1)

500oC- 20 days 21μm - - - 92.4 7.6



XPS Analysis – “PTTOXP.doc”

Testing conditions Superficial composition of the film (% atomic)

ZrOx (x<1) ZrO Zr(OH)2 ZrO2 ZrO2+x (x<1)

600oC- 15 days 120μm - - - 66.6 33.4



Model for Zr-2.5%Nb alloy oxidation

ΔW = kp t1/2 kp(mg/dm2s1/2) = 5.040 x 106 exp (-17951/1.987 T), for 270 - 650°C 
Q (activation energy)=17915 cal/mol.

ΔW =kl t kl(mg/dm2s) = 3.736 x 109 exp (-29574/1.987 T), for 400 - 650°C 
Q = 29574 cal/mol.

Determination of the temperature dependence of kp
(2700C – 6500C)

Determination of the temperature dependence of kl
(4500C – 6500C)



Model for Zr-2.5%Nb alloy oxidation

ΔWtrn = kpttrn
1/2 = klttrn

ttrn = (kp/kl)2 ttrn = 1.82 x 10-6exp (23248/1.987 T) for 400 - 650°C

ΔWtrn = kp
2/kl ΔWtrn = 6800 exp (-6327/1.987 T) for 400 - 650°C

Oxidation kinetics: model vs. experimental data 
at 4000C, 4500C and 5000C

Oxidation kinetics: model vs. experimental data 
at 5500C, 6000C and 6500C



SUMMARY

Development of an informative system for water chemistry and 
corrosion in CANDU reactor PHTS assures a rapid and efficient 
information on:
•water chemistry assessment (normal operation procedures and 
water chemistry criteria renewal);
•corrosion assessment (determination of the corrosion rates, 
deposition and releasing of the corrosion products, as well as the 
characteristics of oxide films) after different operation periods;
•appearance and evolution of some accelerated corrosion processes;
•modelling of some oxidation processes.

These information conduct to:
water chemistry optimization;
early detection of some corrosive failures;
investigation of the failures causes and identification of the 

solutions for corrosion diminution.



FUTURE WORKS

Development of the informative system by:
acquisition and processing of new data;
performing of diagnosis by development of modules 

for evaluation corrosion of some structural materials in 
different water chemistry conditions;

phenomena modeling;
life time prediction (estimation);
diagnostic and assessment of some corroded 

components.



Thank for your attention!
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Abstract 
 
Typically the water chemistry in power plants has been controlled by on-line instruments 
connected to the cooled sampling lines, or by taking grab samples from such lines at 
regular intervals. This approach has potential disadvantages associated with possible 
changes in the composition of the water as a result of the sampling procedure and the 
time delay in obtaining important information. During the recent years, it has become 
apparent that high temperature in-situ monitoring is able to provide new and valuable 
information to plant operators. Commercially available techniques and sensor devices 
enable plant operators to obtain reliable in-situ information on the coolant chemistry and 
thus to predict better the general behaviour of plant components and systems under 
changing conditions.  These techniques and devices have the potential to permit further 
optimisation of operational procedures and practices.  
 
This paper outlines the current results of on going water chemistry projects, the results of 
which are agreed to be shared with the IAEA DAWAC program. 
 
 
Introduction 
 
The materials susceptibility to stress corrosion cracking and to other forms of corrosion, 
as well as the extent of activity incorporation on primary circuit surfaces are closely 
connected to the coolant water chemistry and to the properties of surface oxide films 
growing on the construction materials. Optimisation of the water chemistry should 
always result on mitigation of the corrosion related phenomena and/or reduction of the 
activity incorporation rate in the oxide films. To predict these changes, experimental 
correlations between water chemistry, oxide films, corrosion behaviour and activity 
incorporation need to be understood in more detail.   
 



Units consisting of three flow-through cells have been installed in the shutdown cooling 
system 321 at Olkiluoto (BWR ) and in the sampling line of Loviisa unit 1 (PWR) in 
order to collect the data needed for looking into such correlations. The cells are being 
used for two major purposes: 
 
• Observation of the growth, structure and activity incorporation levels of oxide films 

formed on material samples exposed to the primary coolants. 
• Correlating these observations with chemical and radiochemical data collected by the 

plant, as well as with high-temperature water chemistry monitoring data such as the 
corrosion potentials of relevant material samples, the redox potential and the high-
temperature conductivity of the primary coolant. 

 
This paper describes the current status of on going project, gives examples of the 
observations made and summarises the results that are already available.  
 
 
Experimental 
 
High temperature sensors and cells 
 
The flow-through cells for monitoring the corrosion and redox potentials, conductivity 
and pHT at high-temperature and for exposing material samples to the primary coolants 
have been connected to the relevant locations at the plants as shown in Fig. 1. 
 

   
   (a)      (b) 
 
Figure 1. The flow-through cells with high temperature water chemistry sensors (lower 

cells) and 80 material samples (two upper cells) exposed to the BWR coolant 
at Olkiluoto unit 1(a) and to the PWR coolant at Loviisa unit 1 (b). 

 
At Olkiluoto BWR, the water chemistry monitoring system consists of two AgCl/Ag 
reference electrodes filled with 0.005 M KCl, one conductivity electrode, one pHT 
electrode, two Pt samples for measuring the redox potential and separate samples for 
measuring the corrosion potential (ECP) of AISI 316 L(NG) and AISI 304 stainless 



steels, as well as that of Inconel alloys 182 and 82.  At Loviisa PWR the similar water 
chemistry monitoring flow through cells contain two AgCl/Ag reference electrodes filled 
with 0.1 M KCl, one conductivity electrode, one pHT electrode, a Pt sample for 
measuring the redox potential and separate samples for measuring the corrosion potential 
(ECP) of stainless steel.  
 
The material samples are in the two upper cells at both plants as shown in Fig.1. In the 
case of Olkiluoto BWR, the material samples are made of AISI 316L(NG) stainless steel, 
AISI 304 stainless steel, Inconel alloy 182 and Inconel alloy 82. At Loviisa PWR 
material samples with two different surface pre-treatments, namely polished and pre-
oxidised, are made of 08X18H10T stainless steel and of AISI 316L stainless steel. The 
samples at both plants will be removed from the cells at predetermined intervals, and the 
oxide films formed on their surfaces will be analysed and the results will be correlated 
with water chemistry conditions during the plant operation. The material sample cells at 
Olkiluoto and Loviisa contain both a total of 80 samples. The samples have been placed 
in 20 sample holders similar to the one shown in Fig. 2. The samples in the sample holder 
are electronically insulated from the body of the flow-through cell and from each other. 
In addition, the design of the sample holder and the flow-through cell has been optimised 
to guarantee as similar flow conditions on the surfaces of all the 80 samples as possible.  
 

   
 

Figure 2. A sample holder containing four electronically insulated material samples. 
 
 
Results and discussion 
 
In-line and on-line water chemistry monitoring at Olkiluoto unit 1 
 
Olkiluoto BWR is working under normal water chemistry conditions and therefore 
oxygen content of the primary coolant is roughly 300 ppb during the normal operation. 
This should result in fairly high corrosion potential values for the construction materials.  
As expected the measured potential values are between 40 and 250 mVSHE as shown in 
Fig.3. The ECP values of AISI 316 L(NG) and AISI 304 are in the range 80...180 mV 
during the whole cycle, being very close to each other. The ECP values of Inconel alloys 



182 and 82 are on the other hand in the range 40...140 mV. These values are in agreement 
with observations reported in the literature under simulated and in plant measurements 
[1] and thus confirm that the conditions in the coolant correspond to oxygen levels 
measured and expected in the measurement location. The redox potentials measured with 
the two Pt sensors differ considerably from each other. The two Pt sensors are situated in 
similar flow conditions, and therefore the difference cannot be attributed to different flow 
rates. This demonstrates the poor reproducibility of the redox potential measurement that 
has often been observed by the authors in earlier experiments. The most probable reason 
for the difference is the difficulty to provide a reproducible surface condition on the Pt 
sensor before starting the measurement. 
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Figure 3. The corrosion potential (ECP) of AISI 316 L(NG) stainless steel, AISI 304 

stainless steel, Inconel alloys 182 and 82, and the redox potential of the 
coolant measured with two different Pt sensors at 273 oC in Olkiluoto unit 1. 

 
Conceivable reasons for the decreasing trend of all the measured potential values during 
the cycle may be the measured small decrease in the oxygen content of the coolant. 
Another factor that needs to be considered when discussing the decrease of potential 
values with time is the stability of the employed reference electrode. It seems however 
unlikely that the used reference electrode is the reason for the decreasing potential values 
since the same trend is obtained also when the potentials are calculated using the values 
measured vs. the second AgCl/Ag reference electrode installed in the cell. 
 
The high temperature conductivity of the coolant in the monitoring cell is shown in Fig. 
4, together with room-temperature conductivity values. The high-temperature values are 
in the range 3.5...3.9 µScm-1 for the whole monitoring period, except for a few sharp 
peaks. The theoretical conductivity of pure water at 273 °C is ca. 3.0   µScm-1. Thus the 
values in excess of this can be ascribed to the impurities in the coolant.  The room-
temperature values are on the other hand around 0.1 µScm-1 for the whole period. The 



results shown in Fig. 4 demonstrate that the high-temperature measurement is sensitive to 
changes in the conductivity of the coolant. 
 
The sharp maxima observed in the high-temperature conductivity curve coincide with the 
peaks in the NO3

- content of the coolant while the humplike variations follow the changes 
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Figure 4. The high-temperature conductivity in the flow-through cell at Olkiluoto 1 

during the monitoring period June 2000 - March 2001, together with the 
room-temperature conductivity values. 

 
in SO4

2- content in the coolant. These short conductivity excursions were due to the 
release of impurities from ion exchange resins.  Figure 4 shows that the high-temperature 
conductivity measurement can be used as a rapid and sensitive indicator of increased 
anionic impurity levels in the coolant. 
 
During almost the whole in-line monitoring period, the following general trends have 
been observed: 
 
• The potentials decrease with time. 
• The high-temperature conductivity decreases with time. 
 
It is not yet possible to state definitely which factors cause these trends. The decrease of 
potentials may be related to slightly decreasing oxygen content in the coolant during the 
fuel cycle. However, there is not an exact explanation to the continuously decreasing 
conductivity values during the measurement period. 
 
Any conclusion about the role of water chemistry and oxide film properties in affecting 
material susceptibility to different forms of corrosion and activity incorporation on 



primary circuit surfaces can be drawn only after completing the analysis of the first sets 
of the samples that have been removed from the flow through cells. This will be the main 
subject in the second year of the ongoing monitoring project. 
 
 
In-line and on-line water chemistry monitoring at Loviisa  unit 1 
 
The corrosion potential of the stainless steel sample and the redox potential in the 
primary coolant of Loviisa unit 1 are shown together with the cell temperature in Fig. 5. 
In the beginning of the measurement period, both the corrosion potential and the redox 
potential decreased continuously reaching nearly a steady-state value of ca. -0.75 VSHE. 
Since then the potentials have remained low, i.e. close to equilibrium potential of the 
H+/H2 couple throughout the whole monitoring period. These results at Loviisa unit 1 are 
very similar to those obtained since the start of high-temperature monitoring at the 
Loviisa units in the 1980's [2,3]. 
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Figure 5. Corrosion potential of stainless steel and redox potential along with cell 

temperature at Loviisa unit 1. 
 
The results of high-temperature conductivity measurements in the primary coolant during 
the fuel cycle are shown in Fig. 6, together with the room temperature conductivity 
values determined routinely at the plant. Both the room temperature and the high 
temperature conductivity values follow the chemical changes in primary coolant 
composition. The general decrease of the high-temperature conductivity during the fuel 
cycle is, however, much more pronounced than that of the room temperature 
conductivity. The generally decreasing trend of the measured conductivity during the fuel 
cycle and the small conductivity maximum in January - February 2001 can be ascribed 



mainly to changes in the concentration of ammonia and partly in that of potassium 
hydroxide during the fuel cycle.  
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Figure 6. Measured high-temperature and room-temperature conductivities at Loviisa 

unit 1. 
 
The monitoring of potential and conductivity at high temperature at Loviisa unit 1 
correlates well with the data collected routinely at the plant and has indicated a stable 
operation with only small variations. The data obtained so far for the high-temperature 
water chemistry at Loviisa unit 1 are characteristic of a steady-state operation of a VVER 
plant. 
 
 
Activity incorporation into the oxide films on 08X18H10T stainless steel samples 
 
To obtain an idea of the effect of different stages of the fuel cycle on activity 
incorporation into the oxide films growing on construction materials, several sets of 
material samples were removed from the flow through cell at Loviisa unit 1. The activity 
levels due to five relevant isotopes in the samples removed from the material sample cell 
after exposures of 5, 6 and 12 months are shown in Fig. 7. Generally, the most significant 
change in the rate of activity increase during the whole period is observed for 124Sb, for 
which the average rate of activity increase on ground samples is several times higher 
during the period including stretch-out and the following shutdown to refuelling outage 
than during other periods.  The high incorporation of 124Sb is mainly related to large 
dissolution from fuel and reactor pressure vessel surfaces to the coolant and subsequent 
adsorption or deposition on the sample surfaces. Due to the relatively rapid 
decomposition (t1/2 = 60 days) of this adsorbed or deposited 124Sb, no significant 
accumulation can be observed during the start-up and normal operation, when a much 
smaller amount of Sb is present in the coolant. Unlike the other isotopes, 124Sb 



incorporation between the ground and pre-oxidised samples suggests more rapid build-up 
of activated antimony into the ground samples.  
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Figure 7. Activity of the major isotopes in samples removed from the material sample 

cell after an exposure of 5, 6 and 12 months.  
 
Scanning electron microscope (SEM) micrographs of the appearance of the surface on 
08X18H10T with the two pre-treatments after an exposure for 5 months are shown in 
Fig. 8.  The samples with different pre-treatments differ in their macroscopic appearance. 
The surface of the ground 08X18H10T sample is totally covered with crystals the size of 
which ranges from 0.1 to 0.3 μm. The pre-oxidised sample is on the other hand covered 
with crystals the size of which in general ranges from 0.2 to 0.6 μm. Some significantly 
larger crystals with the diameter larger than 1 μm also exist on the pre-oxidised sample, 
while these are not observed on the ground surface.   
 
 



   
 (a)    (b)  
 
Figure 8. SEM micrographs of the top of the ground (a) and pre-oxidised (b) 

08X18H10T sample exposed to the primary coolant at Loviisa unit 1 for 5 
months. 

 
The oxide films on pre-oxidised samples have been found to be thicker than those on 
ground samples based on the SEM cross section micrographs and secondary ion mass 
spectroscopy (SIMS) results. The thickness of the films has decreased during the 
exposure to the shutdown to refuelling outage on almost all the samples, except on the 
ground 08X18H10T (OX) sample. 
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Figure 9. The mean thicknesses of the different samples after 5 and 6 months of exposure 

to the primary coolant at Loviisa unit 1. 
 



Interpretation of the x-ray diffraction measurement results and SIMS profiles of different 
elements indicated no significant differences in the structure of the surface films on 
different samples. Thus it seems that the pre-treatment of the sample does not have large 
influence on the overall composition of the film but affects only the film thickness.  
 
The high incorporation of antimony into the oxide films on ground samples may depend 
on the fact that the ground surfaces seem to have larger number of small crystals and thus 
a higher surface area. The results seem to indicate that 124Sb incorporation is only a 
surface related phenomenon, since the thicker films do not incorporate more antimony 
than thinner films.  One possible explanation to the different 124Sb contents in the films 
can be addressed to structural differences of the outermost part, e.g. differences in 
"active" surface sites for antimony adsorption. 
 
 
Conclusions 
 
The main conclusion of the high temperature water chemistry measurements at Olkiluoto 
1 is that the monitoring unit provides relevant information that can be well used both for 
assessing long-term trends and for sensitive detection of rapid changes in the coolant 
environment. Conclusions about the role of water chemistry and oxide film properties in 
affecting material susceptibility to different forms of corrosion and activity incorporation 
on primary circuit surfaces can be drawn only after the analysis of the samples already 
removed from the flow through cell have been obtained. 
 
The high-temperature water chemistry at Loviisa unit 1 is characteristic of a steady-state 
operation of a VVER plant. Most valuable data is obtained during the shutdown and 
following start-up periods, as well as during possible unscheduled transients. Detailed 
investigation of high temperature water chemistry monitoring together with on-line 
measurement of soluble and in-soluble species in different time frames of these transients 
could provide valuable information about processes controlling activity build-up. The 
present analysis of the material samples exposed to primary coolant at Loviisa 1 unit 
indicates that the increase of 124Sb levels is associated with phenomena at the very 
surface of the oxide film. However long term trends of activity build-up on different 
materials can be evaluated when more samples have been removed from the flow through 
cells.  
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INTRODUCTION 
 
The extent of activity incorporation on primary circuit surfaces in nuclear power plants is connected to 
the chemical composition of the coolant and to the structure and properties of oxide films formed on 
primary circuit surfaces due to oxidation. Possible changes in operational conditions may induce 
changes in the structure of the oxide films and thus also affect the rate of activity incorporation. To 
understand and model these changes experimental correlations between water chemistry, oxide films 
and activity incorporation need to be established. In order to do this, flow-through cells with material 
samples and high-temperature water chemistry sensors have been installed at Olkiluoto unit 1 (BWR) 
and Loviisa unit 1 (PWR) in spring 2000. 
 
The cells are being used for two major purposes: 
 
• To observe the changes in the structure and activity levels of oxide films formed on material 

samples exposed to the primary coolant. 
 
• Correlating these observations with the chemical and radiochemical data on coolant composition, 

dose rates etc. collected routinely by the plant, as well as with high-temperature water chemistry 
monitoring data such as the corrosion potentials of relevant material samples, the redox potential 
and the high-temperature conductivity of the primary coolant. 

 
We describe in this paper the overall scope of the work and try to summarise some of the results on 
oxide films composition that have been obtained during one full fuel cycle at both plants. 
 

 

EXPERIMENTAL 
 
High-Temperature Cells and Sensors 
 
Similar flow-through cells for monitoring high-temperature water chemistry and for exposing material 
samples to the primary coolant have been connected to the by pass lines at BWR and PWR units in 
Finalnd. At Olkiluoto unit 1 the cell was connected into shutdown cooling system 321 in June 2000 
and similar cell at Loviisa unit 1 into the sampling line of the primary circuit in February 2000 (Fig. 
1a). The coolant enters first the lower cell that contains two AgCl/Ag reference electrodes filled either 
with 0.005 M (BWR) or 0.1 M KCl (PWR), one conductivity electrode, one pH electrode, Pt samples 
for measuring the redox potential. Material samples for measuring the corrosion potential (ECP) and 
separate material samples are located in the two upper cells. The flow-rate through the cells is ca. 0.4 

 1



kg s-1 at Olkiluoto and 0.03 kg s-1 at Loviisa (corresponding to nominal flow-rates of 0.3 m/s and 0.02 
m/s, in the location of the material samples, respectively). 
 
 
Material Samples 
 
Samples at Olkiluoto unit 1 are made of AISI 304 and AISI 316 L(NG) stainless steels, as well as of 
Inconels 82 and 182. The initial surface condition for the samples has been obtained by grinding with 
600 grade emery paper and washing with demineralised water.  
 
The used materials in the cell at Loviisa unit 1 are Ti-stabilised 08X18H10T stainless steel 
(composition close to AISI 321) and AISI 316 stainless steel. All samples have been ground with 
emery paper and washed with demineralised water. Half of the samples have been additionally pre-
oxidised in high purity water in a re-circulation autoclave for one week at 297 oC with an oxygen 
content of ca. 300 ppb. 
 
The two material sample cells contain altogether 80 samples in each plant. The samples have been 
placed in 20 sample holders (see Fig. 1b) and the samples in the sample holder are electronically 
insulated from the body of the flow-through cell and from each other. Furthermore, the design of the 
sample holder and the flow-through cell has been optimised to guarantee as similar flow conditions on 
the surfaces of all the 80 samples as possible. 
 
 

a) b)

 
Figure 1a) The flow-through cells with high temperature water chemistry sensors (lower cell) and 80 

material samples (two upper cells) exposed to the primary coolant at Loviisa unit 1. The 
cells at Olkiluoto 1 are similar. b) A sample holder containing four material samples 
insulated electronically from each other. 

 
 
Oxide Film Analysis 
 
Material samples are removed from the cell at pre-scheduled intervals, and the oxide films formed on 
their surfaces are analysed using scanning electronmicroscopy (SEM) and glow discharge optical 
emission spectroscopy (GDOES).  
 
Oxide film thicknesses were estimated by studying the cross section SEM mircrographs. The 
advantage of SEM in thickness determination is that it is the only technique giving a direct image of 
the film. It is however very sensitive to the exact locations at which the thickness of the film is 
determined. The SEM results for a given sample may accordingly show very large deviations, which 
makes the assessment of thickness values somewhat uncertain and subjective.  
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GDOES provides valuable information about the chemical composition and distribution of different 
ions throughout the oxide film. In addition the results can be used to get an estimation of the oxide film 
thickness on the studied samples. 
 
 
OLKILUOTO UNIT 1 
 
The results presented below are from the Olkiluoto unit 1 during the fuel cycle June 2000 - May 2001. 
In addition to the general scope of the work described above, the results obtained at Olkiluoto 1 will 
also be attempted to interpret with regard to find out if the operational conditions are such that 
materials are subject to stress corrosion cracking. 
 
 
Coolant chemistry at Olkiluoto 1 
 
Olkiluoto BWRs has been using normal water chemistry since the start-up of the both units. No trials 
of hydrogen water chemistry or other novel approaches have ever been applied. The level of oxygen 
content determined by manual measurements corresponds to ca. 300 ppb, decreasing slightly towards 
the end of the fuel cycle, thus being close to expected values. The corrosion potentials of the studied 
construction materials during the fuel cycle from June 2000 to May 2001 are shown in Fig. 2. The 
figure contains also the redox potential values measured using two different Pt probes, the oxygen 
content, the total Cr content and the activity of 51Cr in the coolant. The temperature of the cell has been 
in the range 270...273 °C for the most part of the monitoring period. 
 
The potential values of all the materials show a decreasing trend during the fuel cycle. The ECP values 
of AISI 304  and AISI 316 L(NG) are in the range 80...180 mV during the whole cycle, being very 
close to each other. The ECP values of Inconels 82 and 182 are on the other hand in the range 40...140 
mV. All of these values confirm that the conditions in the coolant correspond to the oxygen levels 
measured and are as expected in the shutdown cooling system. The redox potentials measured with the 
two Pt sensors differ considerably from each other. This demonstrates the poor reproducibility of the 
redox potential measurement that has often been observed by the authors in earlier experiments. The 
two Pt sensors are situated in closely similar flow conditions, and therefore the difference cannot be 
attributed to different flow rates. The most probable reason for the difference is the difficulty to 
provide a reproducible surface condition on the Pt sensor before starting the measurement.  
 
The trends in the content of total Cr and the activity of 51Cr may be used as possible indications of the 
chromate content in the water. Both the content of total Cr and the activity of 51Cr show a decreasing 
trend with time during the cycle, indicating thus a possible decrease in the CrO4

2- content in the 
coolant. The speciation of chromate has been introduced and started in March 2001, and thus more 
reliable data on the chromate content of the coolant will be available for the fuel cycle 2001...2002.  
 
Conceivable reasons for the decreasing trend of all the measured potential values during the cycle may 
be a decrease in the oxygen content or theoretically even increasing thickness of the oxide film. 
Probably also the decreasing chromate content of the coolant may have a small impact on measured 
potential values. However, very recent measurements have indicated that the potentials seem to 
decrease during the fuel cycle even though the chromate concentration analysed by ion 
chromatography (IC) stays quite constant.  
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Figure 2.  The oxygen content, the total Cr content and the activity of 51Cr in the coolant, the 

corrosion potentials of construction material and the redox potential at Olkiluoto unit 1 
during one fuel cycle. Missing data in May 2001 is due to a malfunction of the data 
acquisition system.  

 
The contents of sulphate and nitrate ions in the primary coolant are shown together with the high 
temperature conductivity in Fig. 3. The theoretical conductivity of pure water at 273 °C is ca. 3.0 
µScm-1. Thus the values in excess of this can be ascribed to the impurities in the coolant. The content 
of  SO4

2- ions varies in the range 2...8 ppb during the whole monitoring period, the mean value being 
4...5 ppb. The content of NO3

- ions remains on the other hand for the most part of the period at ca. 1.5 
ppb, but high peaks up to even 30 ppb are occasionally observed. The periodic variations and peaks in 
the contents of SO4

2- and NO3
- ions are ascribed to the behaviour of ion exchange resins used for 

condensate clean-up at the plant. Variations in NO3
- content are observed in the high temperature 

conductivity as high and sharp peaks (see Fig. 3.). On the other hand, variations in SO4
2- content cause 

more hump-like variations in conductivity. This shows that the high-temperature conductivity 
measurements can be used as a rapid and sensitive indicator of increased anionic impurity levels in the 
coolant. At this stage it is perhaps worth commenting that variations in the contents of anionic 
impurities are not reflected in the potential values, as can be seen on the basis of Fig. 2. The decreasing 
trend of high-temperature conductivity values may have been mostly due to oxidation of the bypass 
line. If so the high-temperature conductivity values should show decreasing trend also during the 
following fuel cycles.  
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Figure 3.  The contents of SO4

2- and NO3
- ions in the coolant at Olkiluoto unit 1 during the fuel cycle 

June 2000...May 2001.  
 
 
Activity levels in material samples at Olkiluoto 1 
 
During the fuel cycle June 2000 - May 2001 two sample sets have been removed from the material 
sample cell at Olkiluoto unit 1. The first set of samples has been removed during power operation 
before the shutdown preceding the refuelling outage of 2001 and the second set of samples after the 
shutdown during the refuelling outage that year. 
 
A comparison of the total activity levels measured before and after the shutdown shows no remarkable 
effect of the shutdown on activity incorporation (Fig. 4). The activity levels in stainless steel and 
Inconel 182 samples tend to increase slightly during the shutdown while a clear opposite trend is 
observed for Inconel 82. Activity measurements show that the contribution of 60Co to total activity is 
the highest for all the materials. Based on Fig. 5, AISI 304 and Inconel 182 seem to incorporate more 
60Co than AISI 316 L(NG) and Inconel 82. Another evident observation is that, the activity levels due 
to 124Sb are several times higher in AISI 304 samples than in the other materials (Fig.6). 
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Figure 4. Total activity in the different material samples removed from the cell at Olkiluoto unit 1 

before and after the shutdown in May 2001, i.e. during power operation and during the 
outage.  
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Figure 5. Activity due to 60Co in the different material samples removed from the cell at Olkiluoto unit 

1 before and after the shutdown in May 2001. 
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Figure 6. Activity due to 124Sb in the different material samples removed from the cell at Olkiluoto 

unit 1 before and after the shutdown in May 2001. 
 
 
Thickness of oxide films in material samples at Olkiluoto 1 
 
The most reliable thickness results have been obtained by means of SEM. The thickness values 
determined on the basis of cross sectional SEM images have been collected below in Table 1.  
 
Table 1.  Thickness of the oxide films in material samples at Olkiluoto unit 1 determined on the basis 

of cross-sectional SEM images. 
 Oxide film thickness determined on the basis of SEM imaging. 

(Standard deviation of the determination given in brackets) 
Material AISI 304 

 
AISI 316L(NG) 

 
Inconel alloy 82  Inconel alloy 182  

Removed  before the 
shutdown 

during the 
outage 

before the 
shutdown 

during the 
outage 

before 
the 

shutdown 

during the 
outage 

before the 
shutdown 

during the 
outage 

Estimated 
thickness 

 0.82 μm 
(0.22 μm) 

1.1 μm 
(0.12 μm) 

 0.80 μm 
(0.12 μm) 

1.1 μm 
(0.26 μm) 

2.1 μm 
(0.53 μm) 

1.3 μm 
(0.16 μm) 

 3.8 μm 
(1.1 μm) 

5.1 μm 
(0.7 μm) 
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The results indicate: 
 
• The thickness of the films on AISI 304 and AISI 316L(NG) samples are very close to each other. 
• The thickness of the films on Inconel 82 is slightly higher and that of the films on Inconel 182 

considerably higher than that on the stainless steel samples. 
 
The thickness of the films increases slightly during the shutdown, except for the films on Inconel 82 
(the determination of the film thickness for the Inconel 82 sample before the shutdown was however 
associated with some uncertainty because of the loose oxide film). 
 
 
GDOES results  
 
Glow discharge emission spectroscopy was used to obtain information about the chemical composition 
of the oxide films on different samples. The same technique can also be used to get an estimation of 
the oxide film thickness on the construction material samples. The oxide film thickness is shown in the 
figure by red arrow. This value differs clearly from the values shown in the Table 3. In Fig. 7 is shown 
the results obtained from the AISI 316L NG stainless steel sample. The results show that the film is 
depleted in Cr at the film solution interface and that it consists mainly of iron,nickel oxide. This is not 
so surprising remembering that the sample has been exposed to highly oxidising conditions. Once the 
other specimens are analysed more can be said about the differences observed in activity incorporation 
into the oxide films on different construction materials. 
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Figure 7. GDOES results from the oxide film on AISI 316L NG SS exposed to the primary coolant at 

Olkiluoto 1 unit. 
 
 
Summary and conclusions about the results at Olkiluoto 1 
 
The observations reported above for Olkiluoto unit 1 can be briefly summarised as follows:  
 
• The corrosion potentials of all construction materials are in the range 40...180 mV, which is typical 

for these materials in BWR plants under normal water chemistry (NWC) conditions.  
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• The corrosion potentials are not sensitive to the excursions of SO4
2- and NO3

- contents in the 
coolant. 

• The high-temperature conductivity of the coolant has proven to be a sensitive indicator of changes 
in the anionic impurity content due to the release of impurities from ion exchange resins. 

• The effect of the shutdown on activity incorporation is relatively small. 
• AISI 304 and Inconel 182 tend to incorporate more 60Co than other materials. 
• AISI 304 incorporates more 124Sb than the other alloys.  
• The thickness of the oxide films generally increases during the shutdown. 
• The thickness of the films on Inconel 182 considerably higher than that of the films on the stainless 

steel samples. 
• The higher thickness of the oxide film on Inconel 182 compared to the thickness of the film on 

Inconel 82 coincides with the higher level of activity due to 60Co measured on Inconel 182. At the 
same time, the level of 124Sb incorporation is similar on both samples.  

 
An important conclusion of the water chemistry measurements at Olkiluoto 1 is that the employed 
monitoring unit provides relevant information that it can be well used both for assessing long-term 
trends and for sensitive detection of rapid changes in the coolant environment.  
 
Marked differences have been observed in the incorporation of different radioactive isotopes in the 
oxide films on different materials. The higher extent of incorporation of 60Co in Inconel alloy 182 than 
in Inconel alloy 82 may be connected with the considerably higher film thickness on the former 
material. However, the 124Sb content in the oxide films on these two Inconel alloys is similar. The 
observations indicate that the film thickness is not the only factor determining the amount of 
incorporation of different nuclides into the films. The incorporation of Sb may for instance be highly 
related to phenomena at the very surface of the oxide film.  
 
One additional future prospect is to utilise the cell at Olkiluoto 1 to study the rate of activity 
incorporation after subjecting part of the material samples to alternative decontamination treatments.  
 

 

LOVIISA UNIT 1 
 
A special feature of the investigations at Loviisa unit 1 has been to study the effect of pre-treatment of 
the sample surface on the extent of activity incorporation.  
 
Coolant chemistry at Loviisa 1 
 
As an example of the obtained results at Loviisa unit 1 during the fuel cycle September 2000 - August 
2001 the corrosion potential of an AISI 316 L sample and the redox potential in the primary coolant 
are shown together with the cell temperature in Fig. 8. In the beginning of the fuel cycle, both the 
corrosion potential of AISI 316 L and the redox potential decreased continuously reaching nearly a 
steady-state value of ca. -0.8 VSHE, which is close to equilibrium potential of the H+/H2 couple. The 
decrease in temperature and increase in potentials in February and in the end of June are due to the 
shutdowns of the sample cell, during which samples have been removed from the cell. Potential and 
temperature trends indicate a very stable operation with only small variations during the fuel cycle.  
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Figure 8. Corrosion potential of AISI 316 L stainless steel and redox potential along with cell 

temperature at Loviisa unit 1. 
 
 
Activity levels in material samples at Loviisa 1 
 
A total of four sample sets has been removed from the primary circuit at Loviisa unit 1 during the 
period August 2000 - August 2001. The first set of samples was removed after the refuelling outage 
shutdown on August 2000. These samples had been exposed to the primary coolant for 6 months. The 
second set was removed during normal operation of the plant after 12 months of exposure. The 
following sample set was performed after 16.5 months of exposure. The last set of samples was 
removed after the shutdown on August 2001 (after 18 months of exposure). 
  
Generally, the main contribution to the activity levels in the studied samples is due to the 124Sb and 
110mAg isotopes. Since 60Co (t1/2 = 5.3 years) has longest half-life time the long-term effects, behaviour 
of this isotope also needs to be followed. The results for 60Co and 124Sb (Figs. 9 and 10, respectively) 
are shown as examples of activity behaviour at Loviisa unit 1. 
 
The incorporation of 60Co does not seem to depend much on the pre-treatment of the lsample 
especially during the first half of the fuel cycle that also includes the start-up period. However, during 
the normal operation between 6 and 10.5 months the activity due to 60Co has increased on ground 
08X18H10T and decreased on the other samples. During the stretch-out and shutdown to refuelling 
outage periods in July...August 2001 the activity of all samples has increased slightly again, which 
may be due to an increased amount of 60Co in the coolant. The very small increase in the activity levels 
due to 60Co during the shutdown suggests that the shutdown procedure at Loviisa 1 has been 
successfully optimised in order to minimise the incorporation of the 60Co isotope. 
 
The incorporation of 124Sb is on the other hand much more pronounced into the ground samples than 
into the pre-oxidised samples. Furthermore, the activity level of 124Sb has steadily decreased after the 
shutdown in 2001 until during the shutdown period in 2001 the activity of this isotope has increased 
again. This may be related to the high activity levels determined in the coolant during the stretch-out 
and shutdown period.  
 

 9



0.0

0.5

1.0

1.5

2.0

2.5

A
ct

iv
ity

 / 
sa

m
pl

e 
(k

B
q)

Activity of 60Co during the fuel cycle 2000-2001

Ground AISI 316 L
Ground 08X18H10T
Pre-oxidised AISI 316 L
Pre-oxidised 08X18H10T

Shutdown 
2000

6 months 
from start-up

10.5 months from 
start-up (1.5 months 
before shutdown)

Shutdown 2001

 
Figure 9. Activity of 60Co in samples removed from the material sample cell at Loviisa unit 1 after an 

exposure of 6 (left), 12, 16.5 and 18 (right) months. 
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Figure 10. Activity of 124Sb in samples removed from the material sample cell at Loviisa unit 1 after 

an exposure of 6 (left), 12, 16.5 and 18 (right) months.  
 
Surface morphology of the material samples at Loviisa 1 
 
SEM micrographs of the appearance of the surface of 08X18H10T with the two different pre-
treatments after an exposure for 18 months to the primary circuit water are shown as an example in 
Fig. 11. The surface of the ground 08X18H10T sample is totally covered with crystals the size of 
which is less than 0.5 µm. The pre-oxidised sample is on the other hand covered with crystals the size 
of which is roughly 0.5 - 1 µm. Some significantly larger crystals with a diameter larger than 1 µm 
also exist on the pre-oxidised sample, while these are barely observed on the ground surface. Similar 
kinds of differences have also been observed in AISI 316 L samples with different pre-treatments. The 
surface appearance has been found to change only during the shutdown to refuelling outage, during 
which the crystals on sample surfaces seem to become slightly smaller and rounder, indicating some 
dissolution due to the changes in water chemistry conditions.  
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As it is mentioned above, the incorporation of 124Sb is much more pronounced into the ground samples 
than into the pre-oxidised samples. This together with the different appearance of the surface on these 
samples in comparison with pre-oxidised samples (Fig. 11) may indicate that the outermost surface 
plays an important role in the incorporation of 124Sb. 
 

a)  b)  
Figure 11. SEM micrographs of the top of the ground (a, left) and pre-oxidised (b, right) 08X18H10T 

samples exposed to the primary coolant at Loviisa unit 1 for a period of 18 months. 
 
Thickness of oxide films in material samples at Loviisa unit 1 
 
The thickness of the oxide films on the samples removed from the cell at Loviisa 1 is shown in Table 
2, based on cross-sectional SEM imaging. Referring to Table 2, the oxide films on pre-oxidised 
samples are found to be almost the same in thickness as those on ground samples. The thickness of the 
films has decreased slightly during the exposure to the shutdown to refuelling outage on almost all the 
samples, except on the ground 08X18H10T (OX) sample. This observation is in correlation with the 
surface appearance of the samples discussed above. On the ground 08X18H10T (OX) sample the film 
thickness has increased during the fuel cycle. 
 
Table 2. Thickness of the oxide films determined on the basis of cross-sectional images obtained 

by SEM.  
Material Pretreatment Time of exposure 

/months 
Thickness 
[µm] 

    
316 ground 6 0.39 
08X18H10T ground 6 0.33 
316 preoxidised 6 0.46* 
08X18H10T preoxidised 6 0.42 
    
316 ground 12 0.32 
08X18H10T ground 12 0.41 
316 preoxidised 12 0.56 
08X18H10T preoxidised 12 1.92* 
    
316 ground 16.5 0.43 
08X18H10T ground 16.5 0.52 
316 preoxidised 16.5 0.32 
08X18H10T preoxidised 16.5 0.51 
    
316 ground 18 0.41 
08X18H10T ground 18 0.52 
316 preoxidised 18 0.25 
08X18H10T preoxidised 18 0.42 

 *very large variation in thickness at different places on the sample surface 
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GDOES results  
 
GDOES was used to obtain information about the chemical composition of the oxide films on different 
samples. In Fig. 12 is shown one result obtained from the AISI 316L stainless steel sample. The results 
show that the outer part of the film is typical Ni,Fe rich film. However, a clear difference can be 
observed when these results are compared to the results obtained from the sample exposed to BWR 
coolant at Olkiluoto 1 unit. The films at Loviisa have higher chromium content throughout the film. 
This is due to the reducing conditions in the primary circuit of PWR plant. The estimation of the oxide 
film thickness based on the GDOES results again does not agree well with the results obtained from 
the cross section SEM values. 
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Figure 12. GDOES results from the oxide film on AISI 316 SS exposed to the primary coolant for 

roughly 12 months at Loviisa 1 unit. 
 
 
Summary and conclusions about the results at Loviisa 1 
 
The main observations made in the study at Loviisa unit 1 can be shortly summarised as follows:  
 
• The monitoring of potentials of the sample materials at high temperature at Loviisa unit 1 

correlates well with the data collected routinely at the plant.  
• SEM micrographs of the top of the samples indicate that the oxide films on ground samples exhibit 

a larger number of small crystals than those on the pre-oxidised samples.  
• The thicknesses of the films on pre-oxidised samples are higher than on the ground samples. The 

films seem to become thinner during the period including the shutdown, which may be due to 
reductive dissolution of e.g. iron from the film. The oxide film thicknesses estimated from SEM 
and GDOES results differ quite significantly. 

• The main sources of activity in the samples are 110mAg and 124Sb.  
• The incorporation of antimony into the oxide films on ground samples is significantly higher than 

into the films on pre-oxidised samples. 
• The thickness of the films seems not to control the incorporation of antimony. 
• The oxide film thickness on ground 08X18H10T (OX) samples increases during the whole fuel 

cycle. At the same time, a continuous increase of 60Co incorporation has been measured. 
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• However, even though the oxide film thickness does not increase markedly during the shutdown 
period, the higher 60Co content in the coolant during this period result in slightly increased 60Co 
values.  

• The increase in the activity due 60Co is, however, relatively low during the period including the 
shutdown to refuelling outage.  

 
From the behaviour observed for 124Sb it can be concluded that its incorporation is most probably a 
surface related phenomenon, since it depends strongly on the pretreatment of the surface and the 
thicker films do not incorporate more antimony than thin films. It may be that the ground surfaces have 
a larger number of small crystals and thus a higher surface area.  
 
The low increase in activity of 60Co during the period including the shutdown to refuelling outage 
suggests that the shutdown procedure has been well optimised. It may on the other hand be that an 
efficient removal of 60Co during the beginning of the fuel cycle might lead to a significant decrease of 
60Co levels. 
 
As in the case of Olkiluoto 1, data from several fuel cycles is needed to draw more far-reaching 
conclusions of the correlation between activity incorporation and different stages of the fuel cycle. 
Possibly samples with for instance electropolished surfaces should be incorporated into the test matrix 
to have a still better view of the effect of surface treatment on the activity incorporation.  
 

GENERAL CONCLUSIONS 
 
Already at the present stage of the project the work carried out at the Olkiluoto 1 and Loviisa 1 units 
has shown that an analysis of material samples makes it possible to look for correlation between 
activity incorporation, corrosion of materials and chemical and radiochemical data of the plant. 
However, for the data to become more useful, data from several fuel cycles are needed. Data from a 
longer period will make it possible to correlate the trends in activity incorporation with the history of 
the plant over the years. This will facilitate the prediction of possible increase in activity levels on the 
basis of analysis data from the material sample cell.  
 
An additional use of the sample cell is - as commented already above - that it provides a possibility to 
test possible replacement materials, different surface treatment methods and decontamination 
procedures with respect to their influence on activity levels. Even though the material samples can not 
be considered as a on-line measurement tools, they provide information that may prove to be important 
in the future. The high temperature water chemistry measurements have already provided the 
information obtainable during the steady-state operation. During some unexpected transients the value 
of these measurements may exceed the results obtained using conventional room temperature 
monitoring systems. 
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Goal of the workGoal of the work

• To investigate if HTWC measurements provide 
additional and useful information for plant 
operators.

• To find correlations between oxide film properties 
and activity incorporation into the films growing on 
the primary circuit surfaces.
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Experimental approachExperimental approach
High-temperature cells for water chemistry monitoring and material samples
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Experimental approachExperimental approach
A sample holder for ground and pre-oxidised samples
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Material samplesMaterial samples

Table 2. Composition of the materials exposed to the primary coolant at Olkiluoto unit 1 (weight-%).
Material C Cr Cu Fe Mn Ni S Si Mo Others
i)AISI 304 0.08 19 remainder 2 9.3 0.03 1 N : 0.1
ii)AISI 316L(NG) 0.015 16.5 0.26 remainder 1.73 10.5 0.002 0.54 2.55 N : 0.056
iii)Inconel Alloy 82 0.036 20.23 0.03 0.71 2.92 73.05* 0.001 0.05 Nb 2.48
iii)Inconel Alloy
182

0.03 15.24 0.01 8.07 7.57 66.36 0.001

i) Nominal composition
ii) Determined using optical emission spectrometer (Spectrolab S)
iii) As reported by the supplier.
* including cobalt

Table 1. Composition of the materials exposed to the primary coolant at Loviisa unit 1 (weight-%).
Material C Cr Co Fe Mn Ni Ti S Si Mo Others
i) 08X18H10T 0.05 18 0.15 remainder 2 10.4 0.47
ii) AISI 316L 0.03 17 remainder 2 12 0.03 1 2.5 N : 0.1

i) Determined using optical emission spectrometer (Spectrolab S)
ii) Nominal composition
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ResultsResults
Corrosion and redox potentials in the flow-through cell at Loviisa 

unit 1
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ResultsResults
Activity due to different isotopes on AISI 316 

after ca. 12 months of exposure

Loviisa unit 1 Olkiluoto unit 1
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ExEx--situ analysis of samplessitu analysis of samples

• Scanning electron microscopy (SEM) 

• Glow discharge optical emission spectroscopy 
(GDOES)
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SEM micrographs of AISI 316 before and after SEM micrographs of AISI 316 before and after 
the shutdown 2001the shutdown 2001

Loviisa unit 1 Olkiluoto unit 1

BEFORE

AFTER
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Estimation of the oxide film Estimation of the oxide film 
thickness on AISI 316 on the basis thickness on AISI 316 on the basis 

of crossof cross--sectional SEM imagessectional SEM images
Thickness [µm]

(standard deviation)
Time of removal

Loviisa Olkiluoto
Before the
shutdown 2001

0.43 (0.09) 0.80  (0.12)

After the
shutdown 2001

0.41 (0.06) 1.10 (0.26)
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GDOES analysis of the AISI 316 samples after 
ca. 12 months of exposure
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Summary of results obtained at Olkiluoto BWR

• The corrosion potentials of construction materials are typical for NWC conditions. 

• The corrosion potentials are not sensitive to the excursions of SO4
2- and NO3

- contents in 
the coolant.

• The high-temperature conductivity of the coolant is a sensitive indicator of changes in the 
anionic impurity content due to the release of impurities from ion exchange resins.

• The main sources of activity in the samples are 58Co  and 60Co.

• Differences have been observed in the incorporation of different radioactive isotopes in 
the oxide films on different materials.
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Summary of results obtained at Loviisa PWR

• The corrosion potentials of the studied materials correlates well with the data collected 
routinely at the plant.  

• The main sources of activity in the samples are 110mAg and 124Sb. Also 60Co is important, 
because of its long half life.

• The incorporation of antimony into the oxide films on ground samples is significantly 
higher than into the films on pre-oxidised samples, and seems to be a surface related 
phenomenon.

• The thickness of the films seems not to control the incorporation of antimony.

• An efficient removal of 60Co during the beginning of the fuel cycle may lead to a significant 
decrease of 60Co levels.
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Conclusions
• Already at the present stage of the project the work carried out at the 

Olkiluoto 1 and Loviisa 1 units has shown that an analysis of material 
samples makes it possible to look for correlations between activity 
incorporation, corrosion of materials and chemical and radiochemical 
data of the plant.

• However, for the data to become more useful, data from several fuel 
cycles are needed. 

• An additional use of the sample cell is that it provides a possibility to 
test possible replacement materials, different surface treatment
methods and decontamination procedures with respect to their 
influence on activity levels. 



Fe content in the feed water for the steam generators 
 
Kari Mäkelä, Timo Laitinen and Pertti Aaltonen 
VTT Industrial Systems, P.O.Box 1704, 02044-VTT, Finland 
 

Introduction 
  Dissolved ionic species which increase the corrosion potential (ECP) of the construction materials 
may enhance the risk of localised corrosion occuring in steam generator (SG) components in 
pressurized water reactors (PWR). Aggressive anions like chlorides, sulphates and fluorides in the 
secondary side water may increase the risk of detrimental corrosion reactions. These ionic impurity 
ingresses can be produced by a major leakage of ion exchange resins into the secondary side water 
or by in-leakage of cooling water into the system. If Fe-rich large deposits (sludge piles) are formed 
in the steam generator, the enrichment of different impurities in these regions of restricted flow may 
occur and form locally aggressive environments which has been found to lead to intergranular 
attack in connection to stress corrosion cracking of the steam generator tubes. Within these sludge 
piles pH of the water may also change significantly. The magnitude of the changes largely depends 
on the type of the impurity ingress into the secondary side. Laboratory tests have shown that a rapid 
damage of tubes occurs if acidid crevice conditions are formed near the tube surface. Fig. 1a 
emphasises the dependence of tube thinning rate on pHT and concentration of chlorides, sulphates 
and sodium ions. [1] The correlation between chloride ion concentration in the blow-down water 
and the amount of SG tube damages in some Russian VVER 440 units are shown in Fig. 1b. [2] 

 
  a)   b) 

Figure 1. a) Effect of pHT on the material dissolution [1] b) Correlation between Cl-ions in the 
blow-down water and the SG tube failures in Russian VVER-440 units [2]. 
 

A possible working hypothesis when trying to understand the formation of iron rich deposits and 
sludge piles in steam generators is to assume that their formation is connected to the solubility of 
iron oxides in different parts of the secondary circuit. We thus consider it essential to find out which 
conditions may lead to the deposition of these iron oxides in steam generators and how it possibly 
can be predicted and mitigated.  
 



The work described in this paper is part of a larger project, which has been started in order to 
understand the role of the solubility of iron oxides in the formation of harmful deposits in steam 
generators.  
 

Analysis of the sludge pile material from Loviisa 
steam generators 
The typical appearance of the sludge pile material taken from a SG at Loviisa unit 1 is shown in the 
photographs in Fig. 2. Samples Mag2000 and Mag2002 of the sludge pile were collected from the 
SGs during the refuelling outages in 2000 and 2002. The differences between the samples in 
appearance are minimal and therefore only one set of photographs is shown below. 
 

    
 
 
Figure 2. Photographs of the sludge pile material removed from SGs at Loviisa unit 1. 
 
The shape of the sludge pile material closely resembles the shape of the SG tube surface.  
 
An XRD analysis performed using a Philips PW1710 diffractometer in the 2Θ range 10-70 clearly 
indicated that both the deposits consist mainly of magnetite, i.e. Fe3O4, or a closely similar spinel 
oxide This is evident on the basis of the diffractogram shown in Figs  3 a...c below. The 
diffractogram measured for the Mag 2002 sample (sample removed in 2002) is shown in all the 
figures, and compared to the standard reference diffrcatogram of magnetite (Fig. 3 a), to that of 
maghemite (Fig. 3 b) and to that of metallic iron (Fig. 3 c). It can be seen that the standard refrence 
diffractogram of magnetite explains almost all the pekas in the diffractogram of the sample, except 
for the one peak at 2Θ ≅ 45° due to metallic iron and one tiny peak at 2Θ ≅ 38°. 
 



 
Figure 3 a.  An X-ray diffractogram of the sample Mag 2002 compared to the standard reference 
diffractogram (=lines) of pure magnetite. 

 
Figure 3 b.  An X-ray diffractogram of the sample Mag 2002 compared to the standard reference 
diffractogram (=lines) of pure maghemite. 



 
Figure 3 c.  An X-ray diffractogram of the sample Mag 2002 compared to the standard reference 
diffractogram (=lines) of metallic iron. 
 
An instrumental neutron activation analysis (INAA) was also performed in order to find out 
whether any Cl can be detected in the Mag2000 sample and Mag 2002 samples. Unfortunately, Mn 
disturbs the analysis of Cl, and the content of Mn in the samples was high. Because of this, only Cl 
contents higher than 500 mg/kg could have been quantified. That high Cl contents were, however, 
not present.  
 
  

Assessment of chemical and physical conditions 
in the secondary circuit 
Condition Oriented Aging and Plant Life Monitoring System 
(COMSY) 
Siemens Nucler Power GmbH has developed the COMSY software system (Condition Oriented 
Ageing and Plant Life Monitoring System) to be used for managing the ageing and service life of 
mechanical components in energy producing power plants. Such software enables also the 
implementation of targeted maintenance programs at the plants. [3, 4] The program consists of 
several modules and can be customised to specific needs of individual power plants. The software 
discussed in some detail in this paper has been tailored according to the specifications provided by 



Fortum Power and Heat Oy to model the components and water chemistry regimes used in the 
secondary side at Loviisa nuclear power plant. 
 
In a rough analysis, the heat balance diagram of the water/steam cycle in the power plant is 
modelled using graphical tools. This module creates basic data structure of the virtual power plant 
allowing an analysis of different water chemistry conditions existing in the secondary side.  
 
The flow sheet gives pH (RT) values, amount of mass flow and oxygen content of the water in 
different parts of the secondary side at Loviisa NPP. This information together with the data of 
material compositions of different components can be used to assess the areas where iron oxides are 
mainly released into the secondary side water and transported to the steam generators. The accuracy 
of this type of a theoretical approach can be evaluated by comparing the "modelled" values with the 
weekly laboratory analysis results of Fe and Cu contents done from the secondary side coolant at 
the plant. In the next chapter the sampling points are shown which are used to follow routinely the 
chemical conditions at different parts of the secondary side. The iron and copper contents in the 
water are shown for the fuel cycle 2002-2003. 
 
 

Fe content in the coolant in different parts of the secondary 
side system  
Each secondary side loop system at Loviisa units consists of two generator systems and their 
auxiliary systems. One generator system consists of the following components: 3 steam generators, 
main steam line, high pressure turbine, 2 superheaters, 2 low pressure turbines, generator, 2 
condensers, condensate demineralisation plant, 5 preheaters for the demineralisated water, 
feedwater tank and feedwater piping system including the 3 high pressure pre-heaters. At Loviisa 
the generator systems are numbered as 10 and 50. These two numbers are used in this paper to 
distinguish the different systems and the components therein. A schematic layout of the generator 
system 10 at Loviisa unit 1 is shown in Fig. 4. The location of the generator is not shown in the 
figure, since the main focus of this paper is to discuss the formation of soluble corrosion species in 
the water cycle. 
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Figure 4. A schematic and simplified presentation of the secondary side (generator system 10) of 
the Loviisa NPP. The main focus is on the sampling locations and hydrazine injection points. 
 
At Loviisa the secondary side water chemistry is controlled using on-line measurement instruments 
as well as carrying out the analysis of grab samples taken from different parts of the system. Figure 
5 shows the locations of these different sampling points. The analysis results give an overall picture 
of Fe and Cu contents in the coolant throughout the secondary system and can be used as an input 
data to defining the factors that may play an important role in their transport into the steam 
generators.  
 
Figure 5 shows the content of iron in the water at Loviisa 1 unit in generator system 10 measured at 
6 different sampling points during one fuel cycle. The Cu content has been below 0.45 μg/l in the 
water throughout the secondary side (see Appendix 1, Fig. 1). Since the changes in the Cu content 
have been minimal within the studied systems the values are not discussed in detail in this paper.   
 
At Loviisa units roughly half of the water circulating in the secondary system passes through the 
condensate demineralisation plant, and the other half is returned back to the circuit by auxiliary 
systems (see Appendix 1). The low pressure and high pressure heaters are heated up by steam taken 
from the high and low pressure turbines. When this steam condenses, it is distributed either directly 
into different parts of the secondary circuit or to the feed water tank.  
 
The highest Fe contents in the water have been measured at steam generator blow down and the 
lowest ones downstream of the condensate deminerasisation plant. The first clear increase in iron 
content in the water is after the high pressure pre-heaters. The increase in the Fe content occurs 
between the feed water tank and these pre-heaters. The most likely source to the additional iron are 
the carbon steel joints to the high-pressure pre-heaters.  
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Figure 5. Concentration of Fe in different parts of the secondary side at Loviisa 1 unit during one 
fuel cycle in generator system 10. The bandwidth shows the calculated average values ± the 
standard deviation.  
 
The iron content in the water after the high pressure pre-heaters in generator system 10 is 1.5 - 3 
μg/l higher than in system 50 shown in Fig 6. This is based on the assumption that possible 
sampling line effects are similar in both system and that the measured differences are not due to the 
sampling inaccuracies. The difference does not seem large, but if the goal is to minimise the input 
of Fe to the steam generators, one needs to look into such small changes, particularly in the systems 
where the mass flow rates are this high.  
 
If this small difference in iron content in the feed water is essential there should be some kind of 
difference in the iron contents measured in the SG blow down waters. The iron contents in the blow 
down water from SG 15 in generator system 10 and SG 16 in system 50 are shown in Fig. 7. The 
iron content is indeed somewhat higher in the SG 15. However, when 4 other SGs are compared, no 
clear differences can be seen in Fe contents in the blow down water (see Appendix 1 Fig. 2). One 
explanation might be the difference in the blow down efficiency of different SGs, which may also 
be the reason for the observed differences shown in Fig. 7.  
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Figure 6. Fe content in the feed water after the high pressure pre-heaters in generator systems 10 
and 50 during the fuel cycle 2002-2003. 
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Figure 7. Fe content in the blow down water from SG 15 and 16 in generator systems 10 and 50 
during the fuel cycle 2002-2003. 
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Figure 8. The average concentration of the major chemistry parameters measured after high 

pressure pre-heaters in generator systems 10 and 50 during the fuel cycle in 2002-2003. 
 
Average values of different water chemistry parameters in the secondary side water are shown in 
Fig. 8. The oxygen content has been measured after feed water tank, all the other parameters after 
the high temperature pre-heaters. The measured oxygen contents in both generator systems are low 
due to the hydrazine dosing prior to the low pressure pre-heaters. Actually, the only values which 
show some difference between the two generator systems are the amount of hydrazine in the water 
and the pH values of the water measured at room temperature after the high pressure pre-heaters. 
Both of these values are higher in generator system 50. Also the hydrazine content in the blow 
down waters of the SGs connected to generator system 50 are higher than in system 10 as shown in 
Fig. 8. 
 
Interestingly, the Fe contents in the water after high pressure pre-heaters and in SG blow down are 
lower in generator system 50 than in 10 (Figs 4 & 5). It is not clear if the observed differences are 
due to different hydrazine concentrations, particularly when the calculated high temperature pH 
values are almost exactly the same after the high pressure pre-heaters. It is thus rather difficult to 
make conclusive assessment of the factors affecting the observed differences in Fe in the different 
parts of the secondary circuit. On the other hand, the effect of hydrazine and its reactions on the 
oxidised metal surfaces have not yet been fully modelled.  
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Figure 8. Hydrazine content in the blow down water of all steam generators at Loviisa unit 1 during 
the fuel cycle 2002-2003. SGs 11, 13 and 15 are connected to generator system 10, other to 50. 
 
 
 

Discussions and conclusions 
• The iron content in the water increases as the water passes through the secondary side loop 

system. After the condensate demineralisation plant the values are lowest and the highest Fe 
contents are measured in the steam generator blow down water. Since the values between 
condensate polishing plant and feed water tank do not change significantly, one should focus in 
the conditions from the feed water tank to high pressure pre-heaters. The most likely source to 
the additional iron are the carbon steel joints to the high-pressure pre-heaters. One possible way 
to influence the release of iron from carbon steel is to optimise the pH of the feedwater. Thus 
the role of hydrazine in reducing the iron dissolution rates needs to be looked into.  

• COMSY software allows the calculation of pHT in different parts of the secondary circuit. It 
also estimates the oxygen contents through out the system. These two features may become 
valuable when new water chemistry choices are considered at Loviisa units. However it is not 
certain how well the software predicts the composition rate of different amines and their overall 
reaction paths on component surfaces, particularly when different construction materials are 
used in different parts of the secondary circuit.  

• This preliminary study shows that, at least in principle, by using tools available in combination 
of the analysis results from the plant it should be quite possible to find out new ways of 
reducing iron input into the steam generators. 
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 Figure 1. Concentration of Cu in different parts of the secondary side at Loviisa 1 unit during one 

fuel cycle in generator system 10. The bandwidth shows the calculated average values ± 
the standard deviation. 

 
 
 



0.00

5.00

10.00

15.00

20.00

25.00

30.00

13.07.2002 01.09.2002 21.10.2002 10.12.2002 29.01.2003 20.03.2003 09.05.2003 28.06.2003 17.08.2003

Fe
 c

on
te

nt
 ( μ

g/
l)

SG11 in 10
SG13 in 10
SG12 in 50
SG14 in 50

 
 
Figure 2. Iron content in the blow down water in 4 SG at Loviisa unit 1 during the fuel cycle 2002-

2003. 
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    b) 
 
Figure 3. A schematic and simplified presentation of the auxiliary systems used to heat up the water 
in the low and high pressure heaters in the secondary side (generator system 10) of the Loviisa NPP.  
 
 



Fe content in the feed water for the 
steam generators at Loviisa NPP
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3rd DAWAC RCM, Beijing China, 23-27 August 2004 



One of the major corrosion concerns in  operating PWRs has 
been the localised corrosion of  SG components, due to the
aggressive environments in regions of restricted
flow, particularly under deposits and within crevices. 

To avoid the formation of such environments, the transport of 
corrosion products and other impurities to the steam generator 
should be minimised. 



Doczi M., Steam generator inspections at Paks NPP, Technical meeting on Steam Generator Problems, Repair and Replacement, 
NRI Rez, Czech Republic, February 4-6, 2003 

Defect distribution in 12 horizontal at Paks NPP SGs

Due to the sludge pile? Situation at Loviisa NPP?



Known places for sludge pile formation at Loviisa NPP

C

A: hot collector
SG bottom

B



Qualitative analysis of the oxide films
removed from the bottom of the SG 
at Loviisa  

v. 2000 (wt-%) v.2002 (wt-%)

• Fe = 98% Fe=98%
• Cu = 0.7 %
• Mn = 0.7% Mn=1 %
• Al = 0.4 % Al=0.3%
• Si = 0.2% Si=0.2%

Ni=0.5%

A:



An X-ray diffractogram of the oxide film removed from the bottom of SG
compared to the standard reference diffractogram (=lines) of pure magnetite.



Oxide film under tube support plateOxide film on free span

Brittle oxide, 100-130 μm
Outer part: mainly Fe, some Al, Ca, Pb
Inner part: Cr-rich film, thickness 1-1.5μm

Porous oxide, ~ 130 μm
Outer part: Fe, Al, Si, Mn, Mg

some Pb
Inner part: Cr- rich film

B:

SOURCE OF Fe ?
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Fe content in the water during steady-state operation



• Fe content low in the feed water during the steady-state operation. Further
reduction in iron input could be possible by increasing the pH of the water.

• Why sludge piles form mainly near the hot collector in the SGs?
• How different is pH inside the sludge piles in comparison to bulk water?
• Amount of different impurities inside the sludge pile?
• Is it possible to have oxidising conditions inside the sludge pile during some
stage of fuel cycle?

• How does crevice/sludge pile conditions affect the corrosion 
behavior of the SG tubes?

Conclusion and open questions:



Polarisation curve of Alloy 800 steam generator tube material in
simulated crevice  and bulk solutions at 300 oC, Ref:  Turner C.W., 
On-line chemistry monitoring, diagnostics and analysis for intelligent plant 
chemistry control, 2nd IAEA CRP meeting on DAWAC, Prague, Czech Republic, 
26-29 November 2003.
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Instead of E-pH map, a corrosion rate-pH map

Ref:Matocha K., Smiesko I., Kopriva M. and Marcinsky P., The effect of water impurities on the resistance of 08KH18N10T 
(AISI 321)  steel to SCC in high temperature water, Fontevour 2002_053.

20a = 0.6 mm
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where dloss is depth of corrosion in material, 
ro and Ro are the initial values of the wire radius and 
resistance and R is the resistance value of the corroded wire 
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Resistance of the wire resistance probe due to acid injection
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Ref:Matocha K., Smiesko I., Kopriva M. and Marcinsky P., The effect of water impurities on the resistance of 08KH18N10T 
(AISI 321)  steel to SCC in high temperature water, Fontevour 2002_053.
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• Back to the plant and study more in detail chemistry conditions during the
whole fuel cycle.

• To measure corrosion rate of the 321SS in sludge pile material having 
varying concentrations of different impurities.

• Theoretical evaluation why iron deposits in the locations seen at 
Loviisa SGs

Future steps:
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P. Marcinský, L. Ďurič NPP Mochovce

1st RCM, 2001



Introduction 
• NPP Mochovce is located about 120 km east from 

Bratislava. Mochovce consists from  4 units. In the 
present 2 units are in operation  ( 1st unit from 
1998 & 2nd unit from 2000 ) and 2 units are in 
construction. On 1st & 2nd units have been realised 
more as 100 safety improvements. One from 
others was improvement in the area water 
chemistry and corrosion control. We changed with 
assistance of consortium EUCOM old analysers of 
chemical parameters and we started use new 
database DIWA for collect and evaluate data 
chemical parameters and some important 
technological parameters from on-line analysers.



Basic information 

• Output from on-line analysers is connected to 
database DIWA, that works in real time 

• Database DIWA are available output 
technological parameters  ( T, p, L, F ) of 
technological equipment 

• Database DIWA is enable to define and to 
make calculations and diagnosis on the following 
changes of measured and calculated parameters



Specification and request of 
monitoring chemical regimes in 

NPP Mochovce
• Large amount of technological equipment ( 6 SG, 2 T, 200 % redundancy 
emergency system ) = large amount chemical parameters 

result: Very high request on the HW and capacity of network

• The possibility additionally to change ( add & reduce ) technological 
parameters in the time operation units 

result: SW must be modular system. We can’t know in advance which 
parameters we will be need to change. 

• Manual checking accuracy of large amount on line chemical measures 
isn’t possible ( about 300 measuring point every week).

result: SW must do it automatically by philosophy users.



Our experiences with 1.5 year 
operation of database DIWA

• Diagnosis - in this time we are 
acquiring own experiences. We are using 
simple diagnosis only. We must solve 
problems reliability and accuracy of some 
analysers.



• Some chemical parameters we can’t 
describe reliably mathematical or logical 
calculation, e.g conductivity .in the 
emergency tanks. There are influence of 
temperature and the change matrix of 
solution of boric acid changes correction 
factor of temperature.

• Measuring point - we have found out 
that measuring points for redox potential 
on the sample line isn’t correct. There are 
influence of temperature of sample 



• Measuring of boric acid in the primary 
circuit are reliability and prompt for 
diagnostics chemical regime primary circuit 

• Measuring in the blowdown SG ( 
cation conductivity, chloride, sodium ) 
allows to manage system periodical and non 
periodical of blowdown and diagnostics of 
secondary circuit.



• Module of diagnosis and calculation
are very good the tool for the solution any 
problems with chemical regimes.

• Administration of system of database 
DIWA is less clear and absent border line 
for administrator



Conclusion

• Database DIWA is practical, very easy 
applicable, enough massive and clear for 
users. System is stable and reliable a 
offer a lot of possibilities for checking 
and managing chemical regime, which we 
have not used sufficiently yet. It is task 
for us for the future. 
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History cont.

• 1996 – NPP Bohunice Novell LAN 
– Foxpro - based application with shared and 

replicated files
– Graphic capabilities
– Statistical evaluation
– Plant chemistry history manually input (most 

important data since start-up) 
– Data manipulation security concerns

• On-line monitors data acquisition



History
• 1985 - first use of mainframe terminal

– COBOL based application
– Important data entered daily
– User unfriendly, alphanumerical terminal

• 1990 - switch to D-Link PC peer to peer 
LAN
– Foxplus based application
– User friendly
– Mainframe data conversion



Current Status

• Since 2000 – ORACLE based client-server 
application CHEMIS 32
– Driven partially by Y2K
– Uniform on-line and laboratory data database
– Windows client application
– Plant computer interface

• Control Panel on line data acquisition 
(integrated, data preprocessing)



On line monitors
• Typical unit configuration

– Primary coolant
• Boric acid, hydrogen, oxygen, potassium, conductivity 

(primary coolant + make up)
• On-line gammaspectrometry

– Six steamgenerators
• Conductivity, cation conductivity, sodium

– Two turbines
• Cation conductivity, sodium, oxygen (condensate)
• Conductivity, cation conductivity, pH, oxygen (feedwater)
• Conductivity (secondary drains tank)
• Conductivity, sodium (secondary make up)



System schema

PlantNovell LAN

Oracle 
CHEMIS 
server

Unit LAN

LINUX 2 
Gateway

Client 
workstation

LINUX 1 
Gateway

PC Control 
Panel

Data acq.

Monitors

RS 485



System capabilities

• User rights, configuration files
• Hierarchical plant systems, status definition
• Automated job generator (status based)
• Data verification (double)
• Data output – Tables, Graphs (Graph batches)
• Action levels alarms
• Statistical evaluation (arithmetic mean, time 

weighted mean, median, deviation integral,…)
• Calculated parameters
• Quality control support



System capabilities example



System capabilities example



System capabilities example



System capabilities example



Plans for future
• Monitoring system upgrade 

– Unreliable monitors replacement, adding new 
instrumentation

• On-line data real time archive (chemistry and 
technology)
– Fast data access and retrieval
– Data vectors for diagnostic module

• Diagnostic system
– Data verification and consistency check
– Chemistry diagnosis (neuro, fuzzy rules)
– Trends calculation (deterministic, empirical)
– Remedy implementation process support



System schema - upgraded

Novell LAN

Oracle 
CHEMIS 
server

Unit LAN

LINUX 2 
Gateway

Client 
workstation

LINUX 1 
Gateway

LINUX
Data acq.

Data acq.

Monitors

RS 485

Real time  
archive

Diagnostic 
module

Diagnosis 
output



Implementation ?

• Start of development 
scheduled for 2002

• More in next presentation
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for diagnostic of water chemistry
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Ivan Smiesko NPP Bohunice
Stefan Figedy NPPRI Trnava

2nd RCM, 2002



Plant Data Preparation

• Exclusive use of on-line data (grab sample
data not convenient)

• On-line monitors
Without sample sequencers – pH, conductivity, oxygen etc
With sample sequencers – atypic signal shape (hold) – Na

• Proper function of monitors substantial
• Selection of proper signals and periods for 

training and testing of PEANO



Available Chemistry Parameters

• Primary circuit monitors
Conductivity, Oxygen, Hydrogen, Boric Acid, Potassium

• Secondary circuit monitors
Comdensate – Cation conductivity, pH, Na
Fedwater – Conductivity, Cation conductivity, pH, Oxygen
SG Blowdown - Conductivity, Cation conductivity, Na
Makeup water - Conductivity, Na
Condensate drain tank - Conductivity

Secondary circuit data selected
More signals available
Better data sets available for both training and testing



WWER 440 secondary circuit

Reactor

Steamgenerator

Steamgenerator

Steamgenerator

Steamgenerator

Steamgenerator

Steamgenerator

FW 
tank

FW 
tank

Turbo-
generator

Turbo-
generator



Selected Period
• EBO-1 unit, September 2002

Several types of events have 
occurred

• Ammonia injection malfunction
• Condenser cooling water 

inleakage

• Condensate cation conductivity 
monitor excursion due to 
column saturation



Connected Data
• Ammonia injection 

malfunction



Connected Data contd.
• Condenser cooling 

water inleakage



Connected Data contd.

• Condensate cation
conductivity 
monitor excursion 
due to column 
saturation



Selection of data sets

TestingTraining



Test results

Will be presented Will be presented 
in next presentationin next presentation
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PEANO

• Compliance with technical specifications
Instrument re-calibration

• Efficiency optimisation
Accuracy of heat balance calculations

• Incipient fault detection
Detect instrument/component failure

Sensor Validation and On-line Calibration Monitoring
based on

Fuzzy Logic and Artificial Intelligence techniques
to support:

Institutt for energiteknikk
OECD HALDEN REACTOR PROJECT



Neuro - Fuzzy  Approach
• Fuzzy and Possibilistic classification of operating 

states
• Estimation of a Reliability Level
• Specialized ANNs associated to respective clusters
• Do Not Know case in pattern recognition is 

implemented 
A

E

C

D

B

y

x

Institutt for energiteknikk
OECD HALDEN REACTOR PROJECT



PEANO Neural Network

Signals
In

Signals
Out

Corrupted Signal

Compare

Reconstructed Signal

Institutt for energiteknikk
OECD HALDEN REACTOR PROJECT



PEANO Flow Diagram

PROCESS

FUZZY
CLASSIFIER

POSSIBILISTIC
CLASSIFIER

ANN1 ANN2 ANN3 ANN4IN STEP
FEEDBACK

OUTPUT
SELECTOR

BACK STEP
FEEDBACK

ONE STEP AHEAD
FEEDBACK

RELIABILITY
ASSESSMENT

ONE STEP AHEAD
ANN

1 STEP
DELAY

Institutt for energiteknikk
OECD HALDEN REACTOR PROJECT



Reliability evaluation

POSSIBILISTIC
CLASSIFIER

MAMDANI
FUZZY MODEL

VALIDATION
UNIT

PROC

P

P V

P MISM

MU

MU = Max possibility that P belongs to any cluster

HIGH

LOW

P =  Vector of process signals
V =  Vector of validated signal values
MU = Max membership value
MISM = P-V

Institutt for energiteknikk
OECD HALDEN REACTOR PROJECT



PEANO: communication layout

KERNEL

Institutt for energiteknikk
OECD HALDEN REACTOR PROJECT
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Original Signal

Denoised Signal

Zoom-in on 
high-frequency 

section ... 
… (next slide)

Good fit on low-frequency section, 
comparable to 0-phase low-pass digital filter

Institutt for energiteknikk
OECD HALDEN REACTOR PROJECT



Phases of implementation

•• Data acquisition Data acquisition ( new data sets )
•• Data preprocessing :Data preprocessing :

– removal of evident faults
– removal of outliers and contradictions
– replacement of missing data
– assessment of time horizon 
– assessment of dimensional complexity
– removal of noise
– partitioning to clusters

•• Training of neural networksTraining of neural networks optimal 
architecture

•• TestingTesting



NA_S1-04
Train set                                         

Test set 



NA_S2-04 
Train set                                           

Test set 



NA_S1-13 
Train set                                        

Test set 



VK_S1-04 
Train set                                          

Test set 



VK_S2-04
Train set                                        

Test set 



VK_S2-09
Train set                                          

Test set 



VK_OV-18 
Train set                                         

Test set 



VK_OV-20
Train set                                         

Test set 



VK_OV-21
Train set                                         

Test set 



VK_OV-22
Train set                                         

Test set 



VK_OV-23
Train set                                         

Test set 



VK_OV-24
Train set                                         

Test set 



VN_OV-18 
Train set                                          

Test set 



VN_OV-20
Train set Test 

set 



VN_OV-21 
Train set                                          

Test set 



VN_OV-22
Train set 

Test set 



VN_OV-23
Train set 

Test set 



VN_OV-24
Train set 

Test set 



NA_OV-18 
Train set  

Test set



NA_OV-22
Train set

Test set 



NA_OV-23
Train set 

Test set 



NA_OV-24 
Train set

Test set 



VN_S1-10
Train set 

Test set 



VN_S1-13
Train set 

Test set



Conclusions

•• Experiences and future work:Experiences and future work:

• more data desirable
• thorough data preprocessing needed
• retraining with smaller neural networks 
• to prevent overfitting

and improve generalization
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EVALUATIONEVALUATION AND ANALYSIS OF DATA AND ANALYSIS OF DATA FROMFROM
ININ--SITUSITU

GAMMAGAMMA--SPECTROMETRY SPECTROMETRY MEASUREMENTSMEASUREMENTS
VERSUSVERSUS

OPERATIONAL PARAMETERSOPERATIONAL PARAMETERS
J Schunk, T Pintér, P Tilky Paks Nuclear Power Plant, Hungary
P Raics, University of Debrecen, Hungary
J Moffat, Quantec Technologies, Austria







Co-58 Average specific activities on the  HOT and COLD legs at Block 1
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Co-58  Average specific activity on the primary loop at Block 1
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Co-58 Average specific activity on the primary loops at Block 1
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Total felületi aktivitás a primerköri pontokban
IV. Blokk, 14. Leállás, 2001. május 11.

Hûlési idõre korrigálva
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Össz-felületi aktivitás a primer körben
IV. Blokk, 14. Leállás, 2001. május 11.
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Average  Dose rate from in-situ specific activities on the  HOT and COLD legs at Block 1
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Total aktivitás a kevertágyas ioncserélõn
IV. Blokk 14. Leállás, 2001. május 12.

Hûlési idõre korrigálva
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KEVERTÁGYAS IONCSERÉLÕ OSZLOP
IV. Blokk 14. mérés, 2001. május 12.
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Corrosion product surface activities on the loops
and mixed-bed Ion Exchange Column
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Loop - ion
Co-58 autocorrelation
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Specific activity - Electric energy correlations
at Block 4
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Coolant corrosion activity - Electric energy correlations 
at Block 4

a= 3.1453*Ee - 8708
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Correlation of surface and coolant activities of corrosion products 
at Block 4

Co-58 Co-60 Fe-59 Mn-54
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Time behavior of Co-60 intensity during decontamination
after Cycle 18, June 25-27 2001
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Part 2
MEASUREMENT OF URANIUM/TRANSURANIUM 

SURFACE CONTAMINATION 
ON FUEL ASSEMBLIES,

SPECTROMETRY MEASUREMENTS 
ON STEAM-GENERATORS 

AND ION EXCHANGER COLUMN

J Schunk, T Pintér, P Tilky – Paks Nuclear Power Plant Ltd, Hungary
P Raics, J Szabó, T Sztaricskai – University of Debrecen, Hungary

J Moffat – QUANTEC Technologies, Austria



 

 
Tasks of the Contract 

Task 1. 
Scope Measurement of surface contamination of 

 uranium/transuranium on fuel assemblies  
deposited in the cooling pond 

• Determination of correlation of alpha-gamma activities 
• Measurement of the surface activity 
• Determination uranium/transuranium surface concentration 
• Methodic extrapolation for other surfaces 

 
Task 2.  

Scope Spectrometry measurements of SG no. 3 and 5  
and a reference SG  (SG no.4) 
 

Task 3.  
Scope Spectrometry measurement of the ion exchanger column 
 

Task 4. 
Scope  Common evaluation of the results  

 



F U N D A M E N T A L S 
to search for fissile materials and  

to detect other radioactive elements 
1. 

 
Very different origins, and therefore  
widespread conditions, characteristics and environment  
in the primary circuits: 

 
   Elements, nuclides       sources, reactions 
 

Uranium: U-235, U-238        fuel 
transuranium elements: Pu, Am, Cm and others  (n,γ) and decay 
long-lived fission products:  

Cs, Ce, Eu, Pm, Y, Nb, Sb, Zr, I, Ba, La, ...   fission, decay 
transmutation of fission products      (n,γ), decay 
corrosion products: Co, Mn, Fe, Cr, Ni, Ag, Zr, Nb (n,γ), (n,p), decay 
     BACKGROUND !! 



F U N D A M E N T A L S 
to search for fissile materials and to detect other radioactive elements 

2. 
Analysis:   in-situ,  

non-destructively (if possible),  
selectively 
(prompt) 

 
Solution: r a d i o a c t i v i t y,   detection of  nuclear radiations 
 
beta-particles:  continuous energy spectrum, difficult to measure in-situ 
alpha-particles:  characteristic energies but short range in materials,  

surface information mainly, 
gamma-radiation: characteristic energy spectra, high penetration through 

materials, volume information 
neutrons:   from spontaneous fission of uranium and transuranium,  

high penetrability, difficulty in selectivity/sensitivity by 
continuous energy spectra, volume information 



F U N D A M E N T A L S,  3 
 

Alpha-spectrometry: surfaces, thin samples     −  vacuum 
  contaminations: transuranium, Pu Am Cm - high specific activity 
      uranium isotopes   - low specific activity 

    Energy:  4 – 6 MeV,  high branching % 
Gamma-spectrometry:  any sample, surfaces and depth to some mm-cm 

transuranium nuclides: low energy, very small branching ratio 
uranium isotopes:  low and medium energy, acceptable intensity 
      background from fuel !! 

U-235: low-energy radiation, high transition intensity,  
144 163 185 202 205 keV,  5 – 50 % branching ratio 

U-238: high energy radiation with low branching ratio    –   large mass 
  258 743 766 1001 ...    0,08 – 0,3 % branching 

Neutron detection:  any sample − moderator environment – calibration !! 
spontaneous fission neutron emission rate, n/s/kg, high for trans-urans
U-235:   1,4.10−2  U-238:   1,7.101 
Pu-238:   2,7.106  Pu-239:  2,0.101   Pu-240:  1,0.106 
Cm-242: 2,0.1010  Cm-243: 2,6.105  Cm-244: 1,1.1010 



METHODS  OF  QUANTITATIVE  DETERMINATION 
 

 

Measured quantity: count rate,     counts/s (cps) 
 
Analyzed data: activity,      Bq 
     specific activity,   Bq/cm2, Bq/cm3 
     specific quantity, mass  g/cm2 
 
Transfer factors: efficiency, effective surface (or volume),  

absorption/self-absorption 
counting loss corrections: dead-time, pile-up, true-coinc 
nuclear data: T1/2, energy, decay branching ratio %  

 
If direct determination impossible: correlations among nuclides 
 
Additional information: fuel characteristics, enrichment, burn-up  

−  dependent on system, operation 
 

Absolute and relative measurements



DIRECT AND INDIRECT METHODS  FOR MEASUREMENTS 
 

 

(i) Wall of the fuel assembly: Zr-Nb alloy body, stainless steel (austenite) head  
Surface: accessible.  
Direct measurement of transuranium isotopes: alpha-spectrometry 
    Uranium, fission products, ... gamma-spectrometry 

 
 (ii) Steam generator:  heat transfer tubes inner surface 
   Surface: not accessible.  Alpha-spectrometry is impossible 

Indirect methods apply 
Gamma-spectrometry: highly absorbing environment 
Neutron counting: sensitivity problems 

 
 (iii) Ion exchange column:  inner surface and filling  

Neither accessible recently.  
Indirect methods apply 

Gamma-spectrometry: Very high dose-rate (corrosion products)  
Neutron counting: sensitivity problems 



CORRELATIONS  FOR  INDIRECT  METHODS   
TO OBSERVE U/trU 

 
Steam generators: gamma-spectrometry 
      measurable: (e.g.) 2185,7 keV photons from Ce-144  
 Ce-144  γ-activity   transuran α-emitters, Pu, Am, Cm isotopes 
 Ce-144  γ-activity   U-235  γ-activity (U-238) 
 
      neutron detection: low sensitivity, high uncertainty 
 
 
Ion exchange column: gamma-spectrometry – nothing observed yet 

       neutron detection: low sensitivity, high uncertainty 
     Measured:  spontaneous fission neutron activity 

neutron intensity   Cm-242 mass   
Cm-242 α-activity    

       Ce-144  γ-activity  U-235  γ-activity (U-238) 



REALITY OF THE CORRELATIONS   
TO  STEAM GENERATORS  AND  ION EXCHANGER 

determined on the fuel assemblies 
 
 

Periodic Table of Elements, III/A, measured elements - isotopes 
Y (ox 3) 

Lanthanides like Ce (ox 3 4), Pm (ox 3 2), Eu (ox 3 2) 
Pr, Nd and Sm are hard to detect 

Actinides like  U (ox 6 5 4 3), Pu (ox 4 6 5 3), Am (ox 4 6 5 3), Cm (ox 3) 
 
Stable correlation expected for ratios Ce/Pm, Ce/Eu  experimentally observed 
Acceptable correlation for ratio   Ce/Cm    observed, not so stable 
Isotope ratios ought to be stable   Ce144/Ce141, Cm242/Cm244 observed 
 
Problems: at different chemistry and physics conditions 

magnetite-type surface contamination, its variation in time 
dependence on temperature, pressure, pH-value of the coolant 



RESULTS  0 
INVESTIGATION  OF  TG-WATER  IN  A  DRUM 

Experimental spot: room A242/2. Volume of the plastic container: 140 litres 
γ-Detector: 10 cm3 HPGe with collimator and shield (~ 10 uSv/h at 13.5 cm) 
n-detector „3He3” with Cd-shield and plastic moderator (NO EFFECT) 
 

NEW γ-lines
 Ce-144 (285 d)
Pr-144 (15.3 m)

NEW 
fission products

Eu-154 (8.6 y)
Pm-148 (41.3 d)

Gamma-spectrum of TG water in drum (hordo)
HPGe detector, 10 ccm volume

Ce-144 lines marked, only
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RESULTS  1 
SURFACE CONTAMINATION  OF FUEL ASSEMBLIES a) 

Experimental 
 
Fuel assemblies: enrichment 3,6% code „136” 
  

Serial   Position Description of the place  
Number  in the pond (facing the Pool 1, reactor behind ) 
60506  111-332 middle row, almost in the line to the gate 

far from the gate between the Pool 1 and pond 
 60534  110-363 side right from the middle row, close  

to the right wall of the pond, a bit closer to the gate 
 60513  104-335 more right from middle than 60506 and 
       very close to the separating valve. 
 
Equipment:   location: mobile bridge over the Pooling Pond 
   γ-spectrometer HPGe of 10 cm3 with collimator-shield 
   α-spectrometer with vacuum chamber 
   n-detector 



RESULTS  1 
SURFACE CONTAMINATION  OF FUEL ASSEMBLIES b) 

Measurement spots on the casettes 
Assembly side sequence: No (1).:   serial number on steel head,  
       No (2), (3), ... running counter-clockwise 
Height of a detector location, cm:  

„Abs” calculated from the steel base of casette 
„Rel” measured  from bottom Zr-steel border;   Rel   = Abs−37 
„Uran” from bottom of uranium filling, applied below:  Uran = Abs−47 
            γ: Zr-neck γ: Steel-head 
Casette detector Position 1 Position 2 Position 3 Position 4 

 gamma  (2)  78 cm (1) 122 cm (1) 253 cm (4) 267 cm 
506   alpha  (3)  53  (2)   80  (4) 267  (1) 253 
   neutron  (2) –22  (1)   22  (1) 153  (4) 167     . 
   gamma  (4)   80  (6) 100  (6) 257  (6) 266 
534   alpha  (6) 100  (4) 140  (4) 266  (3) 247 
   neutron  (4)  -20  (6)    0  (6) 157  (6) 166 
   gamma  (2)  75  (2) 149  (2) 253  (1) 266 
513   alpha  (3)  88  (3) 163  (3) 266  (4) 249 
                   neutron  (2)  -25  (2)   49  (2) 153  (1) 166 

< 0 cm

< 242

U

R

A

N

I

U

M

< - 47

< 272



RESULTS  1 
 

SURFACE CONTAMINATION  OF FUEL ASSEMBLIES c) 
 

Alpha-spectrometry 
 

Determination of the surface activity, Bq/cm2, 
and amount of transuranium nuclides, g/cm2 

 
Alpha-energy groups: 
1) 5.1 MeV: Pu-239 + Pu-240  or separately  

if applying additional info (% U-235, burn-up) 
2) 5.5 MeV: Pu-238 + Am-241 or separately  

if applying additional info (% U-235, burn-up) 
3) 5.8 MeV: Cm-244 
4) 6.1 MeV: Cm-242 
 
Am-241, in principle, may be determined from gamma-spectra, too, but low activity ! 
 



Table alpha/1

Alpha-spectrum characteristics

Specific Estimated Total
Group Ealpha Branching Nuclides T1/2 alpha-activity total Spectrum BR+spec

keV ratio y Bq/g branch.r. ratio correction

1 5123,68 0,271 94Pu240 6,563E+03 8,3978E+09 0,9990 0,5 0,5005
5168,17 0,728

5105,5 0,115 94Pu239 2,411E+04 2,2955E+09 0,9990 0,5 0,5005
5144,3 0,151

5156,59 0,733

2 5456,3 0,2898 94Pu238 8,770E+01 6,3373E+11 0,9989 0,85 0,8509
5499,03 0,7091

5388,0 0,014 95Am241 4,322E+02 1,2699E+11 0,9940 0,15 0,1509
5442,9 0,128
5485,6 0,852

3 5762,7 0,236 96Cm244 1,810E+01 2,9951E+12 1,0000 1 1,0000
5804,82 0,764

4 6069,42 0,25 96Cm242 4,457E-01 1,2263E+14 0,9900 1 1,0101
6112,72 0,74



Measured alpha-spectrum
Casette 136 60506, position 3: Zr-neck
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Calculated Alpha spectrum
of 100 kg reactor fuel

20 000 MWd/tonU, 3,6 % enrichment in U-235
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Measured alpha-spectrum
Casette 136 60506, position 3: Zr-neck
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20 000 MWd/tonU, 3,6 % enrichment in U-235
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Simulated alpha-spectra, 3.6 % U-235
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Simulated alpha-spectra, 2.4 % U-235
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Simulated alpha-spectra, 3.6 % U-235
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Surface alpha-activity of alpha-group 1 around 5.1 MeV 
Pu239 + Pu240 (50% - 50%)
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Surface alpha-activity of alpha-group 2 around 5.5 MeV 
Pu238 + Am241 (85% - 15%)
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Surface alpha-activity of alpha-group 3 around 5.8 MeV 
Cm-244
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Surface alpha-activity of alpha-group 4 around 6.1 MeV 
Cm-242
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Table alpha/5

Specific surface quantity of transuranium nuclides on the fuel assemblies

            Alpha group 1 2 3 4
         Bq/g transform 8,398E+09 2,296E+09 6,337E+11 1,270E+11 2,995E+12 1,226E+14

Nuclide Pu-239 Pu-240 Pu-238 Am-241 Cm-244 Cm-242
       from estimated ratio        from estimated ratio

       Specific mass g/cm2 %+/- g/cm2 %+/- g/cm2%+/- g/cm2 %+/- g/cm2 %+/- g/cm2 %+/-

Fuel Casette         136  60506
Position height, cm

4 Steel head 267 2,756E-11 20 1,008E-10 20 2,284E-12 7 2,021E-12 9 1,218E-12 2,1 3,130E-13 0,5
3 Zr-Neck 253 3,879E-11 10 1,419E-10 10 1,713E-12 5 1,516E-12 7 3,960E-13 4,8 6,295E-14 1,1
2 Zr-Middle+U 80 2,366E-11 21 8,655E-11 21 1,572E-12 11 1,391E-12 14 8,833E-13 5,2 2,191E-13 0,8
1 Zr-Bottom+U 53 4,084E-11 11 1,494E-10 11 2,486E-12 5 2,200E-12 7 1,299E-12 2,9 4,997E-13 0,3

SUM 1,309E-10 4,787E-10 8,054E-12 7,128E-12 3,796E-12 1,095E-12

Fuel Casette         136  60534
Position height, cm

4 Steel head 266 3,429E-12 45 1,254E-11 45 1,144E-13 14 1,012E-13 16 5,056E-14 12,6 8,294E-15 2,5
3 Zr-Neck 247 1,631E-11 12 5,967E-11 12 3,090E-13 16 2,735E-13 20 1,086E-13 9,8 2,781E-14 1,6
2 Zr-Middle+U 140 3,628E-12 73 1,327E-11 73 1,151E-13 60 1,018E-13 65 6,360E-14 24,8 2,072E-14 2,6
1 Zr-Bottom+U 100 7,403E-12 40 2,708E-11 40 2,772E-13 18 2,453E-13 22 6,560E-14 14,2 1,108E-14 2,5

SUM 3,077E-11 1,126E-10 8,156E-13 7,218E-13 2,884E-13 6,790E-14

Fuel Casette         136  60513
Position height, cm

4 Steel head 266 6,628E-11 10 2,425E-10 10 3,160E-12 8 2,796E-12 10 1,377E-12 3,8 4,250E-13 0,5
3 Zr-Neck 249 4,787E-11 9 1,751E-10 9 2,589E-12 6 2,291E-12 8 8,141E-13 3,7 1,708E-13 0,6
2 Zr-Middle+U 163 3,811E-12 30 1,394E-11 30 1,220E-13 25 1,079E-13 28 3,936E-14 24,5 1,509E-14 2,3
1 Zr-Bottom+U 88 3,000E-12 55 1,098E-11 55 1,243E-13 30 1,100E-13 33 3,244E-14 29,2 1,434E-14 2,8

SUM 1,210E-10 4,425E-10 5,995E-12 5,306E-12 2,263E-12 6,252E-13



RESULTS  1 
SURFACE CONTAMINATION  OF FUEL ASSEMBLIES d) 

Gamma-spectrometry 
 
 
 
 
 
 
 
 

 

Table gamma/1
       Gamma-emission data for some nuclides

Specific Specific
Egamma Branching Nuclide T1/2 activity Egamma Branching Nuclide T1/2 activity

keV ratio Bq/g keV ratio Bq/g

33,6 0,00288 Ce-144 284,9 D 1,178E+14 145,4 0,48 Ce-141 32,5 D 1,054E+15
40,9 0,004
53,4 0,00095 75,7 0,0102 Pm-148 41,29 D 7,906E+14
59,0 0,000011 288,1 0,1251
80,1 0,0136 414,1 0,1858

100,0 0,00039 501,3 0,0672
133,5 0,111 550,3 0,955
696,5 0,0134 592,8 0,000177

1489,2 0,00278 599,7 0,1249
2185,7 0,00694 611,3 0,0547

630,0 0,886
82,0 0,00003 Eu-154 8,592 Y 9,997E+12 725,7 0,327

123,1 0,404 874,2 0,00012
184,7 0,00004 896,4 0,00049
247,9 0,0683 903,9 0,000021
591,8 0,0491 915,3 0,177
722,3 0,2 1013,8 0,202
756,9 0,045 1454,2 0,000026
873,2 0,1209 1465,1 0,0111
996,3 0,1034

1004,8 0,179 1204,9 0,003 Y-91 58,51 D 3,514E+14
1274,5 0,344
1596,5 0,018

Determination  
of the  

surface activity, 
Bq/cm2, 

 and  
amount of  

fission product,  
U-235,  

corrosion product
nuclides,  

g/cm2 



Measured gamma-spectrum
on fuel assembly 506
at position P01: 
detector 78 cm (2) from the 
beginning of Uran filling

Energy / channel number



Specific activity of the surface of the fuel assemblies measured 
by gamma-spectrometry
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Specific activity of the surface of the fuel assemblies measured 
by gamma-spectrometry

Ce-141
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Specific activity of the surface of the fuel assemblies measured 
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Specific activity of the surface of the fuel assemblies measured 
by gamma-spectrometry
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Specific activity of the surface of the fuel assemblies measured 
by gamma-spectrometry
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Table gamma/3

Specific surface quantity of nuclides on the fuel assemblies
Gamma-spectrometry

Nuclide Ce-141 Ce-144 Eu-154 Pm-148 U-235 U-238 Co-60
       Specific mass g/cm2 %+/- g/cm2 %+/- g/cm2 %+/- g/cm2 %+/- g/cm2 %+/- g/cm2 %+/- g/cm2 %+/-

Bq/g 1,054E+15 1,178E+14 9,997E+12 7,906E+14 7,998E+04 1,244E+04 4,184E+13

UPPER LIMIT
Fuel Casette         136  60506

Position height, cm
4 Steel head 267 5,549E-13 1,9 2,972E-10 0,2 3,303E-11 4,5 4,427E-14 30,0 3,751E-05 270,0 6,541E-01 1450 7,290E-11 1,5
3 Zr-Neck 253 2,606E-12 4,7 1,311E-09 0,5 1,154E-10 12,2 6,324E-16 250,0 8,377E-04 114,1 4,261E+01 32,7 1,034E-09 0,8
2 Zr-Middle+U 122 7,250E-13 0,7 4,501E-10 0,1 3,061E-11 2,5 5,059E-14 17,6 4,270E-02 0,4 7,444E+01 1,2 5,617E-12 3,5
1 Zr-Bottom+U 78 4,949E-13 0,9 3,289E-10 0,1 2,804E-11 2,6 5,303E-14 14,4 2,116E-02 0,4 6,195E+01 1,2 5,316E-12 3,5

SUM 4,381E-12 2,387E-09 2,071E-10 1,485E-13 6,473E-02 1,797E+02 1,118E-09

Fuel Casette         136  60534
Position height, cm

4 Steel head 266 6,615E-13 1,0 3,565E-10 0,1 4,350E-11 2,6 4,430E-14 17,1 1,043E-04 75,6 3,496E-02 2,6 1,984E-11 1,3
3 Zr-Neck 257 1,312E-12 0,8 6,771E-10 0,1 6,624E-11 2,5 8,614E-14 14,6 2,208E-04 44,5 3,007E+00 21,4 1,231E-11 2,2
2 Zr-Middle+U 100 5,730E-13 0,9 3,515E-10 0,2 2,449E-11 3,5 4,048E-14 18,9 3,647E-02 0,4 5,935E+01 1,4 2,725E-12 6,2
1 Zr-Bottom+U 80 5,818E-13 0,9 3,603E-10 0,2 2,558E-11 3,3 3,835E-14 21,0 1,775E-02 0,4 5,081E+01 1,4 2,964E-12 6,1

SUM 3,129E-12 1,745E-09 1,598E-10 2,093E-13 5,454E-02 1,132E+02 3,783E-11

Fuel Casette         136  60513
Position height, cm

4 Steel head 266 4,357E-13 1,8 2,416E-10 0,2 3,107E-11 4,0 4,106E-14 21,0 7,283E-05 61,9 6,017E-01 53,0 1,303E-11 1,6
3 Zr-Neck 253 1,391E-12 1,2 7,181E-10 0,2 7,416E-11 3,6 9,487E-14 22,8 3,426E-04 41,7 3,052E+00 33,6 1,577E-11 2,6
2 Zr-Middle+U 149 5,984E-13 0,8 3,687E-10 0,1 2,844E-11 2,7 4,301E-14 17,5 4,014E-02 0,4 6,536E+01 1,2 3,537E-12 5,0
1 Zr-Bottom+U 75 5,344E-13 0,9 3,326E-10 0,2 2,215E-11 3,7 3,795E-14 19,0 2,008E-02 0,4 5,682E+01 1,3 3,657E-12 5,9

SUM 2,959E-12 1,661E-09 1,558E-10 2,169E-13 6,064E-02 1,258E+02 3,599E-11



Table neutron/5
BRIDGE over the COOLING POND neutron measurements at PAQS Block 2

Nov 24-25 2003

Average/m 5,281 2,250 2,063 2,156
+/- 1,757 0,489 0,359 0,424

+/- % 33,3 21,8 17,4 19,7
0,813 0,530 0,359

Average +Cd Det Eff Debrecen 1,0E-04
dose uSv/h 70      Background +/- 3,0E-05

25 Nov 25.nov +/- % 30,00

n-Det
+6cm mod Cas+1m

+ Cd + Cd + Cd
1/8min 1/8min 1/16min1/16min

24 17 33 45
56 20 40
50 22
39 13

27
17

Cd-difference, cps 0,0521 as background
+/- 0,0301

+/- % 57,8

136 Casette 60506 136 Casette 60534 136 Casette 60513
Cooling pond

Position 1 2 3 4 1 2 3 4 1 2 3 4
Localiz, cm -22 22 153 167 -20 0 157 166 -25 49 153 166

Cd-diff, cps 0,0881 0,0894 0,1323 0,1448 0,0719 0,1229 0,1490 0,1281 0,1094 0,1240 0,1135 0,0885
+/- 0,0121 0,0377 0,0162 0,0156 0,0134 0,0152 0,0159 0,0152 0,0147 0,0163 0,0153 0,0156

+/- % 13,7 42,1 12,3 10,8 18,6 12,4 10,7 11,9 13,4 13,2 13,5 17,6

net Cd-diff 0,0360 0,0373 0,0802 0,0927 0,0198 0,0708 0,0969 0,0760 0,0573 0,0719 0,0615 0,0365
+/- 0,0324 0,0482 0,0342 0,0339 0,0330 0,0338 0,0341 0,0337 0,0335 0,0343 0,0338 0,0339

+/- % 90,2 129,3 42,7 36,6 166,6 47,7 35,2 44,4 58,5 47,7 55,0 93,1

neutron/s 359,8 373,3 802,1 927,1 197,9 708,3 968,8 760,4 572,9 718,8 614,6 364,6
+/- 385,5 528,6 576,5 634,6 348,9 530,9 655,8 554,4 471,3 538,7 490,6 399,6

+/- % 107,1 141,6 71,9 68,5 176,3 74,9 67,7 72,9 82,3 74,9 79,8 109,6

6cm poly 8,62 9,063 11,563 11,375 7,313 10,375 11,750 10,500 9,500 11,375 10,188 9,688
1/min 8,81 312/16

9,00 9,625
7,75 10,813
7,63

ave moderat 8,362 9,833 11,563 11,375 7,313 10,375 11,750 10,500 9,500 11,375 10,188 9,688
+/- 0,631 0,893 0,850 0,843 0,676 0,805 0,857 0,810 0,771 0,843 0,798 0,778

+/- % 7,55 9,09 7,35 7,41 9,25 7,76 7,29 7,72 8,11 7,41 7,83 8,03

+ Cd 2,733 5,9375 3,625 2,688 3,000 3,000 2,813 2,813 2,938 3,938 3,375 4,375
1/min 3,063 170/16

3,438 3
2,875

aveCd 3,078 4,469 3,625 2,688 3,000 3,000 2,813 2,813 2,938 3,938 3,375 4,375
+/- 0,352 2,077 0,476 0,410 0,433 0,433 0,419 0,419 0,428 0,496 0,459 0,523

+/- % 11,45 46,48 13,13 15,25 14,43 14,43 14,91 14,91 14,59 12,60 13,61 11,95

Calculated neutron emission from 

U-238 of casettes ~2000 n/s



RESULTS  1 
SURFACE CONTAMINATION  OF FUEL ASSEMBLIES e) 

CORRELATIONS 
Alpha(Cm242) / Spectrumtotal = 0.54 
Ce-144 / total alpha ratio R1 = 1246  (+/-1%)  for cassettes 506 and 513 

R1 = 5730 for cassette 534.  
Ce-144 to Cm-242 surface activity ratios for the three cassettes are:  
  2113 (for fuel assembly 506),  
26915 (534) and  
  2608 (513).  
Pu239/total alpha = Pu240/total alpha = 0,0055  (+/- 5%) 
For Casettes 506,  534  and  513  Ce-144 / U-235 activity ratio: 

11667, 5250 and  4742, 
accepted as a limit   7500 +/- 240 % 

 
For mass ratios  Cm-242 / U-235:  R4(U235) = 8.3*10−9 ~ 10−8 
    Cm-242 / Pu-239: R4(Pu239)= 0.00677 
    Cm-242 / Pu-240: R4(Pu240)= 0.00175 
Ce144 / Ce141 =   65  +/- 6 
Ce144 / Eu154 = 129  +/- 3 as activity ratios 



 
RESULTS  2 

 
CONTAMINATION  OF  STEAM  GENERATORS a) 

 
Gamma-spectrometry 

 

 
Determination of the surface activity in termotransfer tubes, Bq/cm2, 

and amount of transuranium nuclides, g/cm2 

 
Measurement techniques: 
           100 cm3 HPGe gamma-spectrometer 

4x100 cm3 CLOVER-detector 
Spots: 17 positions along the horizontal axis of steam generators 
 
 
 
 



               
 
                                                                                                                                                                         
                                                                                                                                                                                              Bridle   
                                              Cold collector          Hot emitter           

       
  
 L       -494  -459  -393 -361 -341 -290 -243              -69  -20   0  28     80   119         235  286.5  338.5  379     434  
D         6.5    4.5     6.5             7.5    7.5    7.5                   7.5   7.5      5.5     5,5     5,5            7,6    7.5      5.5      27.5      24,5               
Point   16.  15.    14.   13.   12.   11.   10.              9.     8.      7.      6.    5.           4.      3.     2.      1.      0.       
-------------------------------------------------------------------------------------------------------------------------------- 
L*  -569 -534  -468 –436 –416 –365 –318         -144  -95   -47    0 5   44      160  211,5   263,5  304   359 
D*   41     39      41                42     43     42                42    42      40       40    40         42     42         40       62     59  

dL   ….35…. 66….32….20….51...47…...174…… 49…48….52….39…..116….51,5…52 ....40.5…55…. 
                                                                                                                 

 
 
Fig. GF/1. Locations of the in-situ gamma-spectrometry around the steam generators 

             Distances and positions vary on the given steam generator according to the local geometrical circumstances          

Quantities with asterisk denote “measurable” distances from which the real values were calculated. 
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Gamma-spectra taken with Clover Detector
at Block 2 Steam Generators GF3 and GF4
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Table GF/4
Summary of the results on the 2186 keV gamma-line measured in the Steam Generators

Block 2 Cycle 19, mission Quantec 3, Dec 11 2003

       M e a s u r e m e n t s         C a l c u l a t i o n s
  Ce-144 specific activity    Uran / transuran results

       Pu/Alpha 0,0055
Detector      CLOVER     HPGe100         Ce144/alpha 1246 9,00E+09 2,30E+09 8,00E+04
Pb-corr 1,6078 1,0829         Ce144/U235 7500 Bq/g Bq/g Bq/g
Steam Generator        GF3/01       GF3/02 Specific Pu239+ U-235 Pu-239 Pu-240 U-235

GF 3 cps %+/- "ACCEPTED" +/% cps %+/- Alpha act Pu240 sp.act.         specific quantity
Open collimator 1,8210 3,0 0,2087 11,0 a/s/cm2 Bq/cm2 Bq/cm2 g/cm2 g/cm2 g/cm2
closed 1,7480 2,0 0,0819 19,0 *1e−12 *1e−12 *1e−06
Corr Net cps 0,1174 88,8 0,1373 21,9

NetAct Bq/cm2 2097 90,0 9000 30,0 9822 23,0 7,223 0,079 1,200 4,42 17,30 15,00
OpenAct Bq/cm2 32539 5,0 27000 8,0 14928 12,0

      GF3/10-11      GF3/11-12 UPPER UPPER
Open collimator 2,2137 3,7 0,2130 15,0 LIMIT LIMIT
closed 1,7470 0,5 0,1181 22,0

Corr Net cps 0,7504 17,6 0,1028 43,4
NetAct Bq/cm2 13577 20,0 11000 27,0 7383 45,0 8,828 0,097 1,467 5,40 21,15 18,34
OpenAct Bq/cm2 40055 5,0 29000 8,0 15299 17,0

Steam Generator          GF4/12         GF4/11 Specific Pu239+ U-235 Pu-239 Pu-240 U-235
GF 4 cps %+/- "ACCEPTED" +/% cps %+/- Alpha act Pu240 sp.act.         specific quantity

Open collimator 0,116 207 0,08 248 a/s/cm2 Bq/cm2 Bq/cm2 g/cm2 g/cm2 g/cm2
closed 0,0981 0,0314 *1e−12 *1e−12 *1e−06
Corr Net cps 0,0287 0,0526 315,0
NetAct Bq/cm2 510 635,0 2000 320,0 3757 315,0 1,605 0,01766 0,267 0,98 3,85 3,33
OpenAct Bq/cm2 2061 207,0 Bkgr fluct 5711 248,0

        GF4/00         GF4/02
Open collimator 0,1226 201,0 0,095 108
closed 0,1037 0,0373
Corr Net cps 0,03035 0,0625 312,0
NetAct Bq/cm2 545 623,0 3000 350,0 4480 312 2,408 0,02648 0,400 1,47 5,77 5,00
OpenAct Bq/cm2 2202 201,0 Bkgr fluct 6809 108

Steam Generator         GF5/12         GF5/11 Specific Pu239+ U-235 Pu-239 Pu-240 U-235
GF 5 cps %+/- "ACCEPTED" +/% cps %+/- Alpha act Pu240 sp.act.         specific quantity

Open collimator 1,1593 5,0 a/s/cm2 Bq/cm2 Bq/cm2 g/cm2 g/cm2 g/cm2
closed 0,9808 7,0 0,0783 15,0 *1e−12 *1e−12 *1e−06
Corr Net cps 0,2870 50,3
NetAct Bq/cm2 5070 52,0 6000 60,0 4,815 0,053 0,800 2,94 11,54 10,00
OpenAct Bq/cm2 20481 6,0 21000 8,0

        GF5/01         GF5/02

Open collimator 0,7989 9,0 0,2914 26,0

closed 0,8048 9,0 0,0213 60,0

Corr Net cps -0,0095 -1729,8 0,2924 28,4

NetAct Bq/cm2 0 12,0 10000 35,0 20961 32,0 8,026 0,088 1,333 4,91 19,23 16,67
OpenAct Bq/cm2 14261 11,0 15000 15,0 20883 28,0



RESULTS  2 
SSTTEEAAMM  GGEENNEERRAATTOORRSS    bb) 
19-22 Sep and 11-12 Dec 2003 

 
              GGFF  33      GGFF  44    GGFF  55 
            MM  ee  aa  ss  uu  rr  ee  mm  ee  nn  tt  
Average dose rate, μSv/h              33           55          39 
Average specific activity, Bq/cm2   288 500  316 300  318 300 
Co-58, Co-60, Mn-54, Fe-59 
Ag-110m, Nb-95, Sb-124 

Average Ce-144 specific activity, Bq/cm2   10 000       0       8 000 

            C a l c u l a t i o n 
Specific Alpha-activity, α/s/cm2            8,0        6,4 
Specific activity of Pu239+Pu240, Bq/cm2           8,8.10−2     7,1.10−2 
   Upper limit U-235 Bq/cm2

    1,3       1,1 
Specific surface quantity, Pu-239,   g/cm2   5,3.10−12     4,2.10−12 
      Pu-240,   g/cm2  19,2.10−12   15,4.10−12 
      upper limitU-235   g/cm2  16,7.10−06  13,4.10−06 

Estimated uncertainty in 1 sigma sense is about 50 % for Pu and 270 % for U-235. 



Table neutron/3
STEAM GENERATOR neutron measurements by 3He3 at PAQS Block 2 22.nov.03

Average/m 0,67 0,50 1,04 5,25 1,00 0,63 0,00 0,13 0,25 0,33 0,38 0,25
+/- 0,26 0,22 0,63 2,58 0,38 0,00 0,00 0,47 0,22 0,13

+/- % 39,03 43,30 60,40 49,20 37,50 0,00 0,00 141,97 57,74 50,00
0,29 0,25 0,36 0,81 0,35 0,28 0,00 0,13 0,18 0,20 0,22 0,18

Steam Generator GF3 Steam Generator GF4
cation Point 2 Point 6 Point 11 Point 2 Point 6 Point 12
easType n-Det n-Det+Cd n-Det n-Det+Cd n-Det n-Det+Cd n-Det n-Det+Cd n-Det n-Det+Cd n-Det n-Det+Cd

1/8 min 1/8 min 1/8 min 1/8 min 1/8 min 1/8 min 1/8 min 1/8 min 1/8 min 1/8 min 1/8 min 1/8 min
ounts 7 6 13 20 5 5 0 1 2 0 4 3

6 3 9 45 11 5 2 7 1 2
3 3 3 61 8 1 4 1

R, uSv/h 47 13 42 Gamma 75 19 73 Gamma
tto, 1/s 0,002778 -0,07014 0,00625 -0,00208 -0,00139 0,002083

+/- 0,00564 0,04431 0,00625 0,00000 0,00789 0,00417
+/- % 203,1 -63,2 100,0 0,0 -567,9 200,0

eutron/s 27,8 -701,4 62,5 -20,8 -13,9 20,8
+/- 57,0 -490,5 65,3 -6,3 -79,0 42,1

+/- % 205,30 69,93 104,40 30,00 568,68 202,24

Average 0,75 0,63 0,13 0,75 0,13 0,38 Det Eff Debrecen 1,00E-04 From correlations
+/- 0,31 0,28 0,13 0,31 0,13 0,22 +/- 3,00E-05 m(Cm242)= 0,5*I(n/s) / 1,98E+

+/- % 40,8 44,7 100,0 40,8 100,0 57,7 +/- % 30,00 m(U235) = m(Cm242) / 8,30E-
Steam Generator GF5 m(Pu239) = m(Cm242) / 0,006

cation Point 2 Point 6 Point 12 m(Pu240) = m(Cm242) / 0,001
easType n-Det n-Det+Cd n-Det n-Det+Cd n-Det n-Det+Cd

1/8 min 1/8 min 1/8 min 1/8 min 1/8 min 1/8 min

ounts 6 5 1 6 1 3      Upper limits for contamination, g
R, uSv/h 46 20 35 Gamma Sensitive volume, lit 125  ???
tto, 1/s 0,002083 -0,01042 -0,00417 GF3-02 GF3-11 GF4-12 GF5-0

+/- 0,00691 0,00551 0,00417

+/- % 331,7 -52,9 -100,0 m(Cm242)   = 7,01E-10 1,58E-09 5,26E-10 5,26E-1
m(U235)    = 8,45E-02 1,90E-01 6,34E-02 6,34E-0

eutron/s 20,8 -104,2 -41,7 m(Pu239)    = 1,04E-07 2,33E-07 7,77E-08 7,77E-0
+/- 69,4 -63,4 -43,5 m(Pu240)    = 4,01E-07 9,02E-07 3,01E-07 3,01E-0

+/- % 333,02 60,83 104,40

RESULTS  2 c)



 
RESULTS  2 

 
CONTAMINATION  OF  STEAM  GENERATORS d) 

 
Gamma-spectrometry 

 

 
Determination of the surface activity in thermotransfer tubes, 

Bq/cm2, 
corrosion nuclides, g/cm2 

 
Measurement techniques: 
           100 cm3 HPGe gamma-spectrometer

4x100 cm3Clover gamma-spectrometer
Spots: 17 positions along the horizontal axis of  

steam generators 



Table GF/3
Comparison of specific activities in Steam Generator GF 3

Mission PAQ-01 PAQ-03 PAQ-03 PAQ-01 Mission PAQ-01 PAQ-03 PAQ-03 PAQ-01
Date Sep 2003 dec.03 dec.03 Sep 2003 Date Sep 2003 dec.03 dec.03 Sep 2003
Point GF3, Point 02 GF3/02 GF3/01 GF3 Point 01 Point GF3, Point 12 GF3/11-12 GF3/10-11 GF3 Point 10
Detector HPGe100 HPGe100 CLOVER HPGe100 Detector HPGe100 HPGe100 CLOVER HPGe100

Dose, uSv/h 56 40 45 Dose, uSv/h 45 39 40

Nuclide Bq/cm2 Bq/cm2 Bq/cm2 Bq/cm2 Nuclide Bq/cm2 Bq/cm2 Bq/cm2 Bq/cm2

Ag110m 3856 2294 1931 2985 Ag110m 1481 4077 2516 1626
+/- 2466 1699 2723 1270 +/- 1034 5070 2092 1995

+/-% 64,0 74,0 141,0 42,5 +/-% 69,8 124,4 83,2 122,7
Co-58 58279 20590 9832 49283 Co-58 34717 24349 6447 39013

+/- 2376 1750 3146 2020 +/- 1948 2922 3546 1838
+/-% 4,1 8,5 32,0 4,1 +/-% 5,6 12,0 55,0 4,7

Mn-54 159256 120643 151331 133908 Mn-54 88015 102928 145979 117449
+/- 2309 3016 3783 1965 +/- 1884 3602 5839 1788

+/-% 1,4 2,5 2,5 1,5 +/-% 2,1 3,5 4,0 1,5
Fe-59 2591 2053 Fe-59 51 392

+/- 109 312 +/- 72 113
+/-% 4,2 15,2 +/-% 141,4 28,7

Co-60 94101 82591 108753 78550 Co-60 50029 76444 84630 64679
+/- 351 687 2047 580 +/- 590 1583 1498 655

+/-% 0,4 0,8 1,9 0,7 +/-% 1,2 2,1 1,8 1,0
Sb-124 373 258 344 465 Sb-124 706 749 480

+/- 27 124 165 126 +/- 134 135 110
+/-% 7,3 48,0 48,0 27,0 +/-% 19,0 18,0 23,0

Nb-95 815 4 533 2522 Nb-95 2751 3121 0
+/- 2705 12 3198 2303 +/- 2192 3433 0

+/-% 332,1 300,0 600,0 91,3 +/-% 79,7 110,0 -294,5
Ru-103 13379 19813 Ru-103

+/- 4281 7529 +/-
+/-% 32,0 38,0 +/-%

Eu-154 2712 Eu-154 10091
+/- 6726 +/- 7669

+/-% 248,0 +/-% 76,0
Pm-148 5937 2029 Pm-148

+/- 2969 6696 +/-
+/-% 50,0 330,0 +/-%

RESULTS  2 d)



Activity distribution of the main corrosion nuclides in Steam Generator 
GF3

Block 2 Cycle 19, PAV-70, 19-22 Sep 2003
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Distribution of total activity in Steam Generator GF3
Block 2 Cycle 19, PAV-70, 19-22 Sep 2003
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For 17 measured points

Total activity   4 903 681 Bq/cm2
Average            288 452 Bq/cm2



Nuclide distributions in steam generator GF3
Block 2 Cycle 19, PAV-70, 19-22 Sep 2003
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Distribution of the main corrosion nuclides in Steam Generator GF4
Block 2 Cycle 19, PAV-70, 19-22 Sep 2003

0

50 000

100 000

150 000

200 000

250 000

300 000

350 000

400 000

450 000

012345678910111213141516

445379338,5286,5224,51198028-20-60-228-270-321-361-393-459-494

Point and location from symmetry axis, cm

S
pe

c.
ac

t.,
 B

q/
cm

2

Mn-54
Co-60
Co-58

Hot  
collector

Steam generator w all



Distribution of total activity in Steam Generator GF4
Block 2 Cycle 19, PAV-70, 19-22 Sep 2003
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For 15 measured points

Total activity   5 383 136 Bq/cm2
Average            316 289 Bq/cm2



Nuclide distributions in steam generator GF4
Block 2 Cycle 19, PAV-70, 19-22 Sep 2003
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Distribution of corrosion nuclides in Steam Generator GF5
Block 2 Cycle 19, PAV-70, 19-22 Sep 2003
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Distribution of total activity in Steam Generator GF5
Block 2 Cycle 19, PAV-70, 19-22 Sep 2003
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Total activity   5 410 670 Bq/cm2
Average            318 275 Bq/cm2



Nuclide distributions in steam generator GF5
Block 2 Cycle 19, PAV-70, 19-22 Sep 2003
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Dose rate distribution at Steam Generators 3, 4 and 5
Block 2, cycle 19, 2003,09,19-22.
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RESULTS  3 

 
CONTAMINATION  OF  MIXED-BED  ION EXCHANGE COLUMN  

 
a) Gamma-spectrometry 

Determination of the equivalent surface activity Bq/cm2, 
corrosion nuclides 

Measurement techniques:    1 cm3 HPGe gamma-spectrometer 
Spots: 8 positions along the vertical axis of ion exchanger 
 
 

b) Neutron-counting 
Determination of the equivalent surface activity Bq/cm2, 

And specific qantity for U-235 and transuranium nuclides,  g/cm2 
 

Measurement techniques:   3He3 neutron detector 
Spots: 2 positions along the vertical axis of ion exchanger:  
Bottom (Point 8), middle (Point 4) 
 



Activity profile for the Mixed-bed Ion 
Exchange Column, 1

Block 2 Cycle 19, 2003. 21 Nov. PARt-70
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Total activity of nuclides in the Mixed-bed Ion exchange Column
Block 2 Cycle 19, 2003. 21 Nov. PARt-70
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RESULTS  3 c)

U-235 and transuranium 
nuclides

From correlati
m(Cm242)= 0,5*I(n/s) / 
m(U235) = m(Cm242) /
m(Pu239) = m(Cm242) /
m(Pu240) = m(Cm242) /

Neutron detection

Position on column POINT 8, bottom POINT 4, middle

Gamma-Dose rate 1080 1700 uSv/h

max NET EFFECT -0,008 0,005
+/- 0,016 0,037

+/- % -214 762

Eff 3He3 detector 1,00E-04 at 75 cm
+/- 3,00E-05

MAX n/s -76,4 48,6
+/- -164,8 370,5

+/- % 215,7 762,8

     Upper limits for contamination
Sensitive volume, lit 125  ???

m(Cm242)   = 0,00E+00 1,23E-09 g
m(U235)    = 0,00E+00 1,48E-01 g
m(Pu239)    = 0,00E+00 1,81E-07 g
m(Pu240)    = 0,00E+00 7,01E-07 g

+/- 800 %



10 cm3 HPGe detector facing 
primary circuit tube

1 cm3 HPGe detector at the 
mixed-bed ion exchange column



100 cm3 HPGe detector measuring Steam Generator activity

Gamma-spectrum acquisition 
by 

PC-controlled 
Digital Signal Processor

located outside the hermetic box, 
at the corridor



Clover 4x100 cm3

and 
100 cm3 HPGe

detectors
for Steam Generator assay



Experimental setup on the moving bridge over the Cooling Pond
to determine cassette contamination



on the bridge 
for 

in-situ investigation 
of 

fuel assembly

PIPS alpha-detector

and  

10 cm3 HPGe
gamma-detector



Neutron-counting equipment 
on the bridge to measure 
spontaneous fission neutrons 
from U-238 
of fresh fuel assemblies

3He3 n-detector 
in Cd-shield 
+ plastic moderator

Preset counter

HV Power supply 
+ Amplifier 
+ Discriminator

Vacuum pump for alpha-detector



HPGe detectors

1 cm3 3 cm3 10 cm3 100 cm3

Canberra BNL Canberra Canberra



Comparison of the HPGe100 single diode to the Clover 4x100 detector system

        Measurements with open collimator

Steam Generator Steam Generator CLOVER-to HPGe100 ratios
Measurement Measurement Steam Generator Point src
HPGe100 GF3/02  e CLOVER GF3/01  e Efficiency

Nuclide Eg, keV cps +/- cps +/- Intensity Error % at 25 cm

Ru-103 497,1 0,8206 31,2 3,4520 36,6 4,21 1,17 4,56
Pm-148 630,0 0,7675 33,2 2,5035 50,6 3,26 1,52 4,91
Ag-110m 657,6 1,4988 24,5 8,7048 17,4 5,81 0,71 4,97
Eu-154 722,3 0,3480 57,8 1,6407 78,4 4,71 1,36 5,09
Nb-95 765,8 1,1019 32,0 8,7330 17,9 7,93 0,56 5,17
Co-58 810,8 7,5884 5,0 29,2849 4,6 3,86 0,92 5,24
Mn-54 834,8 54,2914 1,1 492,4920 0,5 9,07 0,42 5,28
Ag-110m 884,5 1,7544 20,1 14,8670 10,8 8,47 0,54 5,34
Ag-110m 937,5 1,1251 22,2 8,7465 15,4 7,77 0,69 5,41
Co-60 1173,2 96,3470 0,4 968,9350 0,2 10,06 0,43 5,61
Co-60 1332,5 126,3889 0,3 1238,3700 0,1 9,80 0,42 5,70
Ag-110m 1384,3 0,8388 12,6 6,4513 7,3 7,69 0,58 5,72
Ag-110m 1475,8 0,1280 74,2 1,0378 24,4 8,10 0,33 5,76
Ag-110m 1505,2 0,6639 15,3 3,7704 7,9 5,68 0,51 5,78
Sb-124 1691,0 0,2293 26,1 2,1512 10,9 9,38 0,42 5,89



FEP efficiency of HPGe gamma-detectors
for point source at 10 cm
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WATER CHEMISTRY ON-LINE MONITORING, DIGNOSTICS AND 
CONTROL IN FRENCH PWRs 
 
FRANCIS NORDMANN 
ELECTRICITE DE FRANCE 
GROUPE DES LABORATOIRES 
(Part 2 is authored together with JACKY AUDIARD) 
 
1. EDF APPROACH FOR CHEMISTRY CONTROL IN FRENCH PWRs 
 
1.1. Introduction 
 
EDF is operating 58 PWR units in 19 NPP (2-4 or 6 units). The units are 900 – 1300 or 1450 MWe. 

The units are operated with the own EDF chemistry specification, based on Manufacturers 
recommendation, EDF operating Experience feedback, Research studies (EDF, CEA, other 
laboratories) International Experience and Studies, OSART recommendation (1/year in France).  

EDF is EPRI and WANO member and participates to many meetings and workshops. 

EDF also participates to several technical exchanges meetings and International Conferences on 
chemistry and corrosion.  

 

1.2. Main EDF chemistry specification for RCS 

 

1.2.1. General information on EDF chemistry specification 
 
In 1984, Electricité de France (EDF) Central Laboratories (GDL) established its first 
comprehensive set of chemistry specifications defining, for each system and each case of operation: 

• the specified chemical parameters,  
• the specified expected and limits values, 
• the specified frequency of monitoring, 
• any specific remedial action to be taken. 

This first issue of the document has been applied by all the operating PWRs in France. 
The presentation of the document in a clear way was the main target, while the other advantages for 
EDF staff was to have all the specifications in one document which had been prepared taking into 
account the point of view of the Central Laboratories, the manufacturers input and many plant 
chemists experiences. 

Then, this document has been revised in 1988, 1997 and 2001, with further improvements: 
• addition of specific system and cases of operation, 
• modification of the specified parameters and values as necessary, 
• modification of the monitoring requirements, 
• clear identification of safety parameters and limits, as recommended by several experts of 

Operational Safety Review Teams (OSART) and French Safety Authority, 
• clarification of remedial actions for specific cases in order to better cope with safety, 

reliability, availability of the units, and allowing a satisfactory behavior of the materials in the 
systems. 
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Other documents explain the basis for the specified parameters and values, the origin of the 
statement of normal values and potential consequences in case of deviation. 

Expected values correspond to what should be normally achieved, based on the plant design. 
Limit values correspond to a potential consequence for the material, on the short or long term, if 
exceeded. An action is mandatory if the value is exceeded. 
 
For the most important parameters, and particularly for technical specifications (parameters 
specified for safety concern), various action levels have been defined, with different limit values 
corresponding to allowed duration of operation and remedial actions if the limit cannot be achieved. 
 
1.2.2.  Primary water chemistry specification (Table 1) 
 
The EDF primary water chemistry specifications are very similar to other ones in western countries. 
The most crucial limit is related to lithium concentration in order to get the desired pH all along the 
fuel cycle as the boron content decreases. The Figure below shows the technical specification limits 
required by the French Safety Authority and the target value for lower dose rates.  
 

 
FIG. 1. Lithium target and technical specification limits. 

The target for lithium corresponds to a range of 0.1 above and 0.1 below the dark line, starting from 
2.1 mg/kg of enriched 7Li. The lithium is kept constant at 2.1 mg/kg up to the point where 570 
mg/kg of boron are reached, corresponding to a pH 300°C of 7.2. Then, lithium decreases down to 0.5 
± 0.1 mg/kg, accordingly with boron, at this constant pH.  

The target band of lithium value ± 0.1 mg/kg is not a technical specification but an internal EDF 
objective for minimizing contamination associated with corrosion products transport requiring an 
optimum and constant pH 300°C of about 7.2. EDF has decided to select 7.2 for various reasons. 
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Past experience with a pH of 7.0 compared to 7.2 did not show a significant difference in operating 
units. A higher pH will unlikely induce important benefit and may have inconveniences in French 
plants. The pH of 7.2 instead of the previous value of 7.0 has been selected based only on 
international experience and code calculations from French Commissariat a l’Energie Atomique. 
 
Lithium concentration is limited to 2.2 mg/kg by fuel vendors to prevent the cladding from general 
corrosion, particularly with high duty fuel, high heat flux, high temperature, when nucleate boiling 
may occur under deposit, creating local over concentration of lithium. Thus, the corresponding pH 
at the beginning of the fuel cycle is close to 7.0, far below 7.2 or 7.4. Keeping the pH at 7.2 will 
give a more constant pH during the overall fuel cycle than 7.4. 

The upper limits with operation limited to 7 days or 24 hours have been established in agreement 
with Safety Authority in order to avoid a too high pH which would be deleterious for the fuel 
cladding generalized corrosion mainly with nucleate boiling and Stress Corrosion Cracking of Alloy 
Inconel 600 or other Stainless Steel (304-316 type) which increases with lithium concentration and 
pH. 

The lower limits with operation limited to 7 days or 24 hours have been also established in 
agreement with Safety Authority in order to avoid a too low pH which would be deleterious for the 
generalized corrosion of stainless steels in the primary coolant system. There is no reason and no 
need to operate under such low values of pH and lithium even if no unacceptable degradation is 
expected, on a safety aspect. 

Addition of 7 Li instead of potassium used in VVER has been selected for easiness of control with 
only 1 alkaline reagent already in situ generated from 10 B reaction. In addition, potassium has not 
been qualified for all PWRs components. 

Table 1. Primary system limits under normal operation. 

Parameter Unit Expected value Limit value Monitoring frequency 

Boron * mg/kg According to neutronics On line 

Lithium * mg/kg See curve above 3/week or 1/day (a) 

Oxygen mg/kg < 0.010 < 0.10 No (H2 only) 

Hydrogen * ml/kg 25 to 35 20 to 50 On-line 

Chloride * mg/kg < 0.05 < 0.15 1/week 

Fluoride * mg/kg < 0.05 < 0.15 1/week 

Sulfate * mg/kg < 0.05 < 0.15 1/month 

Sodium * mg/kg < 0.1 < 0.2 1/month 

Silica mg/kg < 0.6 < 1.0 1/month 

Calcium mg/kg - < 0.05 1/month 

Magnesium mg/kg - < 0.05 1/month 

Aluminum mg/kg - < 0.05 1/month 

* Parameter included in technical specification for safety. 
(a) If constant load : 3/week – If load follow : 1/day. 
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Oxygen limit is not any more a technical specification since it is not controlled under normal 
operating condition. The required limit is achieved by the presence of hydrogen, as demonstrated by 
a test in a French PWR. Of course, oxygen is controlled before and during start up, after hydrazine 
addition for its elimination. 

The limits for oxygen, chloride and fluoride are based on risk of stress corrosion cracking of 
stainless steels at high temperature. Chloride and fluoride limits have been settled a long time ago 
and not modified since there is neither difficulty to maintain them at any time nor corrosion 
problem associated with actual values. Primary system being under pressure, there is almost no 
possibility to get it contaminated, except under transients or through resins. EDF uses only qualified 
nuclear grade resins and do not regenerate them, avoiding any risk of contamination in the primary 
system, nuclear auxiliary or secondary systems. 

The limits for silica, calcium, magnesium and aluminum have been placed for the risk of forming 
zeolithe (hard deposits) with low solubility, on the fuel, which would decrease the heat transfer, 
increase the surface temperature and potentially deteriorate the cladding. The silica limit is less 
stringent than the one for the other elements since it is more difficult to keep a low value for silica 
which is less efficiently purified through resins and more frequently present in the system. If only 
silica is present and not the other elements, the risk of forming zeolithe is negligible. 

At this time, no abnormal pollution occurred in the primary system and no major degradation have 
been observed, beside the stress corrosion cracking (SCC) of Alloy Inconel 600, highly sensitive, 
even in pure water. 

SCC is the main weakness of many PWR units with a western design including Alloy Inconel 600 
Mill Annealed. This Alloy is progressively replaced from several components. 

1.2.3. Demineralized water chemistry specification 

A good quality of make up water is a key factor for a good chemistry in the various systems at any 
time, since it is the main source of contaminant under normal circumstances (Table 2). 

Table 2. Demineralized water specification 

Parameter Unit Expected Value Limit  

Value 

Monitoring 

Frequency 

Conductivity μS/cm < 0.1 < 0.2 On line 

Sodium μg/kg < 1 < 2 On line 

Silica μg/kg - < 20 On line 

Chloride μg/kg < 2 - 1 / Month 

Sulfate μg/kg < 2 - 1/ Month 

Susp. solids μg/kg - < 50 On line +1/M 
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1.3. Grab sampling and on-line monitoring 

Each type of control is associated with expected and/or limit values. This means that no monitoring 
is requested for research purposes if it is not associated with an action in case of deviation. 
Moreover, the number of monitored parameters is limited to what is necessary so that the plant 
chemist’s staff may concentrate on reliable measurements and spend more time on the various ways 
to achieve a good chemistry rather than spending time to redundancy of monitoring. Of course, in 
case of abnormal or specific situations, additional monitoring for diagnosis purpose is requested. 

A large part is given to on-line monitoring whenever it is advisable with 4 main advantages over 
grab sampling: 

1) There is an immediate indication in control room in case of large deviation for important 
parameters requiring an immediate shutdown of the unit. Thanks to on-line monitors 
redundancy, the plant operators do not wait for validation of the large pollution by grab 
sampling before deciding to shut down the unit. This avoids material degradation and 
pollution of the system which would require more cleaning time before startup. Moreover, 
there is not chemist on shift in French plants during normal situation. 

2) The trending of small pollution is possible when it is close to the detection limit or blank 
variation with grab sampling. This makes possible detection and fixing of small pollution. 

3) The spent time and money are lower. 
4) The plant chemists will have time to concentrate their effort on studying the results and will be 

more inclined to take the appropriate remedial actions. 

Such a monitoring policy is based on a Central Laboratory in Chinon NPP which qualifies the on 
line monitors which may be used in French plants to be sure of the validity of the results under all 
circumstances. Then, a policy for calibration and maintenance of on-line monitors has been 
established. 

Grab sampling is carried out in the following cases: 
• when no on-line monitor is available for a chemical parameter (e.g. lithium); 
• when the required frequency of analysis would induce more time for on-line monitor 

maintenance than for grab sampling and analysis (e.g. once a month, diagnosis); 
• when the volume of the system does not allow on-line monitoring continuous flow (e.g. safety 

tank kept filled). 

An on-line monitor for lithium is under development in France (Pau University and EDF). 

The method is based on ionometry with selective electrodes. The first results look promising. 
The main purpose is to have a continuous lithium indication with possible frequent adjustment of its 
concentration, which will allow a more constant pH 300°C in the case of units operating with frequent 
load follow (75 to 80 % of French electricity is produced from NPP). The method is presented in a 
paper at SFEN Avignon Conference, April 2002. 
 
1.4. Chemistry data bank policy in EDF units 

Operating Experience feedback on chemistry during operation of the units is important to  

• Analyze trends along time on the whole units, 
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• Identify any specific anomaly in some unit, 

• Study any relation between chemistry and corrosion, 

• Examine any possible or necessary evolution of chemical specifications, 

• Define the remedies and operating improvements 

• Allow comparisons between various units, 

• Establish the EDF Chemistry Index (now different from the WANO Index). 

Consequently, EDF developed various forms of operation feedback analysis on its units, in order to 
allow the French chemists to apply at any time the best chemistry, while considering safety, 
reliability, availability, operating costs and easiness of operation. 

The data bank is one of these information means for plant chemists and central offices. 

The first data bank in EDF had been developed in the past and contains all the main data from the 
key parameters of all the units since the first start up of the first unit in 1977. 

It allowed collecting all the data through a central system. 

A new data bank “MERLIN” has been prepared at EDF and implemented since 2000 progressively 
on all the units, for the following reasons. 

• The old data bank was not any more corresponding to the new needs and computer 
systems : too long transmission and graph tracing, year 2K problem, 

• It allows local independence for graph tracing, trends evaluation,  

•  It includes other national computerized applications , 

•  It uses a more efficient and friendly software, allowing a better use by a larger number of 
persons, 

• It includes the analysis program to be carried out by the plant for each day, 

• It also includes other tasks to be done (on-line monitor calibration,…).  

• It shows up any value out of the range of the EDF chemistry specifications, 

• It allows a greater homogeneity of data from all the units 

• Data are transmitted each night instead of 2/month, allowing a more updated view by 
central offices. 

This data bank has the same basic objective as the previous one for operation feedback analysis, but 
allows also a safer implementation of the chemistry specification on each site, thanks to local tools 
included in the data bank. 

 

1.5. EDF point of view on on-line monitoring 

On-line monitoring is mainly used to allow a good chemistry implementation, with a reliable 
control of any deviation of an important parameter.  

It has many advantages for this purpose on grab sampling as explained before. 
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It may also be used on a research basis on some plant when the optimum chemistry needs to be 
established. For example, ECP measurements have been used in Golfech unit (see JAIF 1998 paper) 
for defining the sufficient hydrazine concentration to be added in the secondary system providing a 
reducing environment and thus mitigating Inter-Granular Stress Corrosion Cracking of Alloy 600 
steam generator tubing. 

For the primary coolant, a loop test showed that there is almost no variation of ECP under normal 
condition. Oxygen is immediately consumed in presence of a sufficient hydrogen concentration. 

The minimum hydrogen concentration in operating units is based on the possible reliable regulated 
value rather than on the minimum required value to be in a reducive environment or to recombine 
oxygen form water radiolysis. A plant test in Belleville (see SFEN conference paper in Nice, 1994) 
has shown that only 3 ml/kg of H2 would be sufficient for radiolysis. 
 
pH control is achieved through lithium measurement which is rather more reliable and more easily 
carried out than an on-line monitoring of high temperature pH. The calculation of pH is sufficiently 
satisfactory to avoid pH measurements.  

The main benefit of on-line monitoring would be to perform specific studies on some units in 
operation for optimising the hydrogen concentration by evaluating the relation between hydrogen, 
ECP and concentration of the most detrimental corrosion products (Co, Fe, ..). 

Thus, the main target would be more on the contamination improvement than on corrosion 
mitigation since this last one is more or less controlled in operating units, except when the design 
condition is not appropriate (material or flow).  

The encountered difficulty of operation (axial offset anomaly, fuel failure, ..) appears rarely and 
inadvertently, not immediately after the potential deviation in chemistry which may be the cause of 
the problem. No identified chemistry deviation has been associated to these problems. 
Consequently, there is no major interest to monitor a chemical parameter if there is no causative 
one. Then it would not allow to draw a relation between the monitored parameter and the problem if 
the occurrence of the problem is not subsequent to the chemistry deviation. 

 

 

2. ON-LINE MONITORING AND DATA BANK IN FRENCH PWRs 

 

2.1. Introduction 

 

EDF is operating 58 PWR units in 19 NPP (2 - 4 or 6 units). The units are 900 – 1300 or 1450 
MWe. The units are operated with chemical control, based on grab sampling plus on-line 
monitoring, each one being selected according to strict criteria to cope with chemistry 
specifications. The own EDF chemistry specifications have been explained in the Part 1 above. 

The part 2 of this document is listing the on-line monitors and the criteria to have one or not. 
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Chemical operating data are introduced in a new centralized EDF Data bank “Merlin” which is also 
used by the NPP to organize the daily program of chemical control, to check if the value is within 
the specifications and to trend the data. 

EDF Central Laboratory (GDL) is using the NPP data to make evaluation of NPP chemistry as well 
as corporate investigations. 

2.2. Criteria to have on-line monitors 

Each type of control is associated with expected and/or limit values. This means that no monitoring 
is requested for research purposes if it is not associated with an action in case of deviation. 
Moreover, the number of monitored parameters is limited to what is necessary so that the plant 
chemists staff may concentrate on reliable measurements and spend more time on the various ways 
to achieve a good chemistry rather than spending time to redundancy of monitoring. Of course, in 
case of abnormal or specific situations, additional monitoring for diagnosis purpose are requested. 

A large part is given to on-line monitoring whenever it is advisable with 4 main advantages over 
grab sampling: 

1) There is an immediate indication in control room in case of large deviation for important 
parameters requiring an immediate shutdown of the unit. Thanks to on-line monitors redundancy, 
the plant operators do not wait for validation of the large pollution by grab sampling before 
deciding to shut down the unit. This avoids material degradation and pollution of the system which 
would require more cleaning time before startup. Moreover, there is no chemist on shift in French 
plants during normal situation. 

2) The trending of small pollution is possible when it is close to the detection limit or to the blank 
variation with grab sampling. This makes possible detection and fixing of small pollution. 

3) The spent time and money are lower. 

4) The plant chemists will have time to concentrate their effort on studying the results and will be 
more inclined to take the appropriate remedial actions. 

Such a monitoring policy is based on a Central Laboratory in Chinon NPP which qualifies the on 
line monitors which may be used in French plants to be sure of the validity of the results under all 
circumstances. Then, a policy for calibration and maintenance of on-line monitors has been 
established. 

Grab sampling is carried out in the following cases : 

• when no on-line monitor is available for a chemical parameter (e.g. ammonia); 

• when the required frequency of analysis would induce more time for on-line monitor 
maintenance than for grab sampling and analysis (e.g. once a month, diagnosis); 

• when the volume of the system does not allow on-line monitoring continuous flow (e.g. safety 
tank kept filled). 

2.3. List of on-line monitoring - Explanation 

2.3.1. Primary coolant 

 Boron : safety concern, nuclear regulation (+ grab sample cross-checking), 
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 Hydrogen : semi continuous control. No reliable and easy grab sampling. 

 Lithium : an on-line monitor for lithium is under development in France but not yet available. It 
should be of specific interest for plants with load follow, in order to better permanently adjust Li 
target value to the calculated pH 300°C. 

2.3.2. Steam-water system 

 Conditioning control :. 

 pH and hydrazine in feedwater. 

 Pollution control :  

 the target value Cation conductivity (+ sodium in some plants) in condenser for high 
pollution detection with early action. 

 Cation conductivity in each condenser section for leak location. 

 Oxygen in condenser for air ingress control. 

 Cation conductivity in steam and MSR drains for turbine protection pollution 
diagnosis, organic acid pollution detection. 

 SG Blowdown resin purification system 

 Conductivity after cation exchange resin for proper operation and the moment  of 
exhaustion with alkaline reagent in order to get a closer look on purity at mixed bed outlet (cation 
resin is operated after exhaustion with alkaline reagent) . 

 Sodium + cation conductivity after mixed bed for recycled water purity control. 

 

Table 3. List of on-line monitors in the secondary system of French PWRS 
 
 

French English 
Les contrôles chimiques en centrale sont 
effectués essentiellement à l’aide d’automates 
chimiques 

Chemical control is essentially carried out 
through on-line monitoring 

Détection des pollutions Contamination monitoring 
Contrôle du conditionnement Conditioning monitoring 
Contrôle retransmis en salle de commande Value transmitted to control room 
Vapeur, G V, Alimentation  
GSS, HP, BP, APG  

Steam, SG, Feedwater  
MSR, HP, LP, blowdown system 

Traitement des purges GV SG blowdown purification system 
λ + ,λ  cation conductivity, total conductivity 
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FIG. 2. Chemical control is essentially carried out through on-line monitoring. 
 
 
2.4. Chemistry data bank “MERLIN” work organization 
 
The control of chemical value is one of the main tasks of plant chemists, but in addition to the 
simple checking that the value is within the specification, there is a great need to store and trend the 
operating chemistry data. 

EDF is using a new tool “MERLIN” which includes 2 main functions: work organization and data 
bank feedback.  

The first main task of NPP chemists is to apply Chemistry Specifications which are prepared by 
Central Laboratories (GDL) for all French NPP and then approved by Safety Authority. NPP 
chemists have to perform the following tasks. 

2.4.1. Specification adjustment in “MERLIN” according to plant specificity 

 
Once the NPP receives the general chemistry specification, he has to prepare the exact one to be 
applied to each of its units according to specificity considered in the general document : e.g. 
different pH values of steam - water system are selected according to presence or not of copper 
alloys and to selected amine, potential addition of boric acid in the secondary system for mitigating 
IGA/SCC of Steam Generator (SG) tubing, different SG blowdown specification for sea water or 
river water cooled plants, boron content and radioactivity checking according to fuel type (UO2, 
MOX), stator cooling treatment under aerated or non aerated conditions, presence or not of cooling 
tower, … 

Thus, the plant introduces in Merlin, all the units characteristics which have an influence on the 
chemistry specification (value or frequency of measurement). 
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The plant chemistry specifications are then automatically created with what has to be exactly 
applied in each unit, and eliminating what is not useful from the general document prepared by 
GDL. 

The plant may also update at any time the characteristics when the need arises (e.g. condenser 
replacement with copper elimination). 

When the GDL is updating a specification, the modification is automatically generated in Merlin on 
the plant without any specific work of the NPP which is only receiving the new paper (hard copy) 
corresponding document. 

 

2.4.2. General Monitoring program preparation 

 
In Merlin, the NPP clearly indicates for each analysis, when it has to be performed. As an example, 
when a weekly analysis is requested in the specification, the NPP will precise that it will be done on 
each Tuesday. Of course, the plant may increase the frequency and, for more convenience, decide a 
regular analysis rather than an occasional one based on some unusual criterion. 

The NPP indicates which work list (group of person or location, or device) will be in charge of the 
analysis to be done. 

The NPP also prepares the list of each label of on-line monitor (e.g. SIT 004MG) which is 
corresponding to the requested control. 

 

2.4.3. Daily list of monitoring 

 
Each morning, the chemist indicates in Merlin in which status are the units (power operation, 
hot stand-by, cold shutdown …). Based on this information and on what has been introduced in 
Merlin, a list of monitoring (grab sample, on-line monitor data and calibration) to be done on 
the day, is generated and issued. 

 

2.4.4. Data input in Merlin 

 
Each day (either as soon as available or at the end of the day), each NPP chemist introduces its 
analytical results based on grab sampling, into Merlin. 

For on-line monitor data, the responsible chemist selects the representative data of the day, based on 
on-line monitor indication, and introduces manually at least one daily value with indication of 
corresponding time in Merlin. Should a specific event had occurred during the day (pollution, 
transient …), the chemist may introduce more data with corresponding times.  

EDF decided not to get directly the on-line monitor input into Merlin for several reasons: (i) 
technically this would have been more expensive, (ii) it is useful that a chemist goes locally to the 
on-line monitor in order to get the value and to check its correct operation, (iii) technically, a direct 
transmission would request to manually cancel data transmission during calibration and this may be 
a source of error. 

A first level of checking indicates to the chemist if the data is out of specification (value in red) , 
allowing him to modify the value in case of wrong input.  In addition, an indication of requested 
action level appears as a comment.  If the introduced value is questionable, the chemist may get a 
direct look to the last 10 input data for the parameter. 
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2.4.5. Specification abnormalities and validation 

 
At the end of the day, the responsible chemist gets the daily data (either on the screen or printed). 
He has two different issues: one with all the data, the other one only with out of specification data, 
either because the value is out of the limit or because the analysis frequency is not sufficient. 

Data corresponding to Technical Specifications are specifically identified. 

When all the data correspond to actual values, the chemist validates the day which is then finalized 
and closed. If a modification appears to be done later on, he has to un-validate the day, modify the 
data and validate again. For validation and un-validation, a restricted list of chemist applies. 

Only validated data may be seen by GDL in the central Data bank. 

 

2.5. Feedback with MERLIN in NPP and at GDL 
 
 
Operating experience feedback on chemistry during operation of the units is important to be done at 
2 different levels : 

• Data evaluation for implementation of a corrective action on a specific unit, 

• Data evaluation for studying the influence of chemical parameters on general phenomena 
such as corrosion, dose rates, environmental releases. 

2.5.1. NPP Feedback on chemistry data with MERLIN 

The need of the plant for chemistry feedback in chemistry is covered by MERLIN tool. It allows the 
following trending and analyses. 

• Trending of main parameters: 

The NPP may issue graphical or table data of the most relevant parameters which may have an 
influence on components behavior, radionuclide activity. Some of these parameters are predefined 
(e.g. Li, H2 in RCS, pH, Na, cation conductivity in SG blowdown, …).  This corresponds to about 
25 different graphs for a specific system and group of parameters (e.g. Li + B in RCS, radioelement 
in RCS …). 

The objective of these data is to perform trend evaluation which may require a corrective action 
(e.g. condenser leak, primary to secondary leak). 

Then, this may allow the NPP to establish its own chemical indicator values, in addition to the 
central one computed by GDL (see below). 

• Other functions of MERLIN: 

Merlin includes additional functions such as  

 the evaluation of fuel integrity based on radionuclide evolution,  

 hide out return calculations based on SG blowdown data during shutdown,  

 calculation of pH 300°C in the Reactor Coolant System. 
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2.5.2. GDL Feedback on chemistry (+ radiochemistry) data with MERLIN 

In the description below, “chemistry” means “chemistry + radiochemistry”. 

GDL (Central Laboratory for all the French NPP, with a technical support in chemistry) is in charge 
of preparing the chemistry specifications and, of providing assistance to NPP in case if unusual 
deviation in chemistry that the NPP is not able to manage alone. GDL needs to carry out 
engineering studies for improving these 2 tasks. 

 

• Trending of specific parameters in case of technical support: 

GDL may be requested by the NPP to give an advise on a difficult situation in the plant (pollution 
hardly eliminated, condenser with endemic leaks). In this case, in order to regularly follow the 
situation, GDL downloads the chemistry data from the plant and then formulates the 
recommendation or just checks that the situation is under control. 

 

• Regular trending of main parameters: 

Each engineer in charge of the relation with one NPP has regular meeting for technical exchanges 
and support to the NPP. Before going to such a meeting, and also at the end of each fuel cycle, the 
GDL engineer download the curves and tables of the key parameters to have an overlook of the 
chemistry of the unit.  Should any abnormality be detected, the engineer will have to discuss its 
origin and how the NPP is mitigating the situation. 

3 examples of such curves are given at the end of the document. 

- Sodium and cation conductivity at SG blowdown, with unit power in Chinon B1, 

- Radioactivity in reactor Coolant system of Dampierre 1, 

- Primary to secondary leak based on 16N in SG outlet of Dampierre4. 

 

• Trending of main parameters on the EDF fleet of NPPs: 

EDF developed various forms of operation feedback analysis on its units, in order to allow the 
French chemists to apply at any time the best chemistry, while considering safety, reliability, 
availability, operating costs and easiness of operation. 

GDL prepares several evaluations of the general data in all the French NPP. 

 

• EDF Chemistry index and Fuel WANO index 

Each quarter (3 months), GDL prepares the EDF chemistry index for the secondary water of the 58 
units based on sodium, cation conductivity at SG blowdown and oxygen in condensate water. 
Monthly, the WANO index is calculated for fuel integrity, based on 131I and 134I. 

For preparing this index, GDL directly downloads the average values of the considered parameters 
from each units. Then, the index for each unit is calculated within Merlin, using the units value and 
median value for all the units. It also compares the index value to the previous one and identifies the 
parameter at the origin of any increase. 

See example of index(July – Sept. 2002) for all EDF units in attachment. 
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• Status of all units 
For radioactivity of various parameters (nobles gases, iodine,…) GDL is able to download and print 
the values of all the units at a defined date in order to establish the situation of all the NPP and, if 
necessary, to make any comparison. This is also feasible for 1ry-2ry leaks in SG. 

• Annual trends 
For the 3 chemicals parameters of chemistry index, GDL issues the evolution, year per year, of the 
average value of all the units together.  

1 example of such a curve for sodium at SG blowdown is given in attachment. 

In addition, for the EDF annual report on chemistry situation of all the units, general graphs and 
table are downloaded. 

 

2.5.2. Engineering studies for defining a strategy 

 

• Chemistry specifications evolution 

 
When the chemistry specifications are regularly updated or when the need appears, GDL is looking 
at the MERLIN data in order to look at the overall situation and to evaluate the impact of a potential 
modification. For example, it may be seen what would be the impact of decreasing a limit value on 
availability of the units. Of course Merlin does not directly gives the availability value, but the data 
bank may be requested to give any appropriate values for this evaluation. During this study, the 
power of the unit may be a criterion of the request, since it is available in MERLIN.  

• Corrosion engineering studies 
One of the key purposes of MERLIN is the comparison of any chemical parameters to the evolution 
of corrosion of any component such as SG tubes. For example, when EDF wants to know if organic 
acids, as decomposition products of morpholine treatment in the secondary system, have an 
influence of corrosion of SG tubing, the MERLIN data on organic acids (and/or reagent type and 
concentration) are compared to results of non destructive examination of SG tubes (these ones are 
not of course in MERLIN but in another NDE data bank). 

Another example is the relation between RCS pH 300°C (stability and proximity to target value) and 
activity of corrosion products of interest (60Co, 58Co, …). 

Then, the need for modifying the silica limit in RCS and or to add a purification system for 
eliminating silica may be investigated through MERLIN data. 

Finally, the relation between the activity evolution of specific radio-elements and fuel integrity is 
studied, based on fuel evaluation at the end of the fuel cycle. 
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3. OPTIMIZED MONITORING CONTROL AND DIAGNOSIS FOR A SAFE, 
EFFICIENT AND IMPROVED PLANT OPERATION 

 

3.1. Introduction 

 
EDF units are operated with chemical control, based on grab sampling plus on-line monitoring, 
each one being selected according to strict criteria to cope with chemistry specifications. The own 
EDF chemistry specifications have been explained in the Part 1 of the report. The on-line monitors 
selection and the data bank gathering all the French NPP chemistry operating data have been 
described in the Part 2 of the report. 

This part gives additional explanations on the rationale for having a limited number of chemical 
parameters associated with reliable on-line monitors and potential immediate corrective actions. 

Then, the document explains the need for data processing and how it is used for regularly updating 
chemistry specifications and their limit values, in association with other feedback information. 

Finally, the importance of data processing for allowing the experts in charge of plant operation to 
draw reliable conclusion and recommendation is described. 

 

3.2. Rationale for limited on-line monitors 

In addition to previous explanation at Part of the report, it appeared the need to focus on a limited 
number of on-line monitoring points. If too many data are transmitted to the staff in charge of plant 
operation, the immediate decision will be too difficult to take. Thus, the optimum situation seems to 
correspond to : 

• A very limited number of on-line monitors with data transmitted to control room and 
from which the operators may decide to normally continue the plant operation, to shutdown the unit 
within a short term, to ask the chemist on call to more thoroughly evaluate the situation or to ask to 
the designed staff to take a corrective action. Example: sodium at SG blow down, boron 
concentration, oxygen in condensate water. 

• Other on-line monitors which have to be used by the chemist for checking if all the 
key parameters are correct, either related to pollution which do not require an immediate shutdown, 
or to conditioning optimization. 

Example : cation conductivity in steam, hydrazine in feed water. 

• Grab sampling for other parameters which do not require on-line monitoring, such as 
those with : 

o low frequency control (spent fuel pool), 
o tanks not normally used (e.g. boron, chloride in safety tank,…), 
o non available on-line monitor (e.g. lithium in RCS), 
o diagnosis and irregular control (e.g. calcium at SG blowdown). 
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3.3. Updating limit values 

The chemistry specifications should be thoroughly and carefully prepared before application, 
meaning they should be defined for at least several years. 

However, it appears the need to regularly update the limit values according to : 
• operation feedback with encountered experience on safety issues, materials behavior, 

dosimetry, release to the environment, 
• design modification, 
• chemistry treatment optimization, 
• laboratory R et D results, 
• tests performed in operating units for chemistry improvements, 
• international plant feedback and other information, 
• new regulation and recommendations (e.g. OSART, IAEA,...). 

In the past, modification of chemistry specifications mainly focused on safety improvements, dose 
rate mitigation (e.g. lithium/K in RCS) secondary circuit treatment optimization (amine, hydrazine) 
and steam generator degradation which has been abnormally important in the case of Alloy 600 MA 
tubing. 

There have been many cases for which the chemistry specifications had to be tightened and do not 
have any adverse side effect. 

In a very few cases, the reverse trend was applied (e.g. silica limit and its impact on zeolithe hard 
deposit on fuel cladding). 

But, the key chemistry parameters related to plant safety, availability and material behavior are 
those at steam generator blowdown. Due to this complicated situation and important impact, this 
specific case is detailed below. 

3.4. Updating SG blowdown limits 

The incessant safety concern increase in Nuclear Power Plants (NPP), associated with a number of 
degradation, particularly of high nickel Alloy 600, have induced more and more stringent chemistry 
specifications in order to compensate for this inadequate material selection. 

Alloy 600 MA is highly sensitive to Stress Corrosion Cracking (SCC), both on the Inner Diameter 
(ID) where it is affected by Primary Water SCC (PWSCC) or on the Outer Diameter (OD) by 
Intergranular Attack and SCC (IGA/SCC) even in normal chemical operating conditions. 

The most crucial case is the steam generator (SG) blowdown which is at the origin of the highest 
plant unavailability for coping with chemistry specifications.  While the SCC of 600 MA SG tubing 
is almost unavoidable, more and more of the numerous SGs which started their operation in the 70 
and 80’s, are replaced mainly by SG with 690 TT tubing, highly resistant to the most frequently 
encountered environments.  The number of SG with 690 or 800 Alloy is already higher than the one 
with 600 MA.  Within the next decade, most, if not all of the SGs with 600 MA, will be replaced. 

In a few already decommissioned plants from western countries and in the VVER type reactors, the 
SG tubing was made of typical 18 % Cr – 10 % Ni stainless steel.  This one being sensitive to 
corrosion in presence of oxygen and/or chloride, a material of high nickel content was selected by 
the American vendors and their licensees, for most of the plants in western countries which started 
their operation in the late 60’s, the 70’s and the 80’s, albeit the demonstration by Coriou in France 
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in 1959 that Alloy 600 was highly sensitive to SCC.  Some countries selected other Alloys (Monel 
in Canada, Alloy 800 in the German design). The experience feedback with Alloy 800 under All 
Volatile Treatment (AVT) gives good results without corrosion problem. 

With the evidence of degradation of 600 MA tubing, chemical guidelines and specifications have 
continuously been strengthened up to the point where almost no pollutant ingress is now accepted. 
This tightening of chemistry specifications has been implemented in order to try to increase the SG 
life as much as possible, to decrease the risk of degradation and tube rupture, and to reduce 
maintenance costs and non destructive examination program requirements. 

Such stringent specifications are applied in countries with some Alloy 600 (MA or TT) to all their 
PWR units because, up to the 90’s, there was no plant in operation with 690 TT. 

Countries without Alloy 600 (Germany with Alloy 800 or Eastern Europe with 18% Cr - 10%Ni 
austenitic stainless steel) did not tighten up their specifications in a similar way but nevertheless 
have not observed the severe degradation that occurred with 600 MA despite the application of 
stringent specifications. 

This clearly shows that SCC of 600 MA is mainly associated with the material sensitivity and in a 
less extent with SG TSP design (concentration mechanism in the crevice regions) but only in a few 
past cases with inappropriate chemistry specifications. 

Even though the long term operation without SG corrosion on Alloy 600 MA is obviously 
impossible in many cases, the rationale for modifying the guidelines for the plants with Alloy 600 
tubing  was to adjust them to reflect : 

• the high material sensitivity of Alloy 600, 

• the operating experience feedback, 

• the objective of operation with low safety risks and low maintenance costs for the longest 
possible duration. 

Tightening the blowdown chemistry specifications has been partially effective. 

In severe chemistry conditions as they occurred in some limited cases in the past with specifications 
that would not be applied nowadays, the degradation has been rapid and extensive.  Thus, several 
utilities considered it possible to extend the SG life proportionally to the tightness of the SG 
blowdown specifications.  This has been partially wrong for several reasons : 

• SG duration is not only based on OD IGA/SCC but in many cases to PWSCC (most French 
units) which is obviously not related to secondary water chemistry, or in the past to denting. 

• Important and rapid degradation observed in some cases was not due to contamination 
which is controlled by operating guidelines parameters but by specific pollution which can 
hardly be monitored (mainly resin fines and lead). 

With the transparency which nowadays exists in the explanation of what is done in all technical 
areas and the globalization of the world and its feedback experience, it will be soon obvious that 
applying the same chemistry specification for Alloy 690TT SG is not technically justified, and the 
plant management may loose confidence in the overall chemistry guidance. 

It is clear for everyone that all the efforts must be done on the units with Alloy 600 MA to keep the 
best possible chemistry up to the end of the SG life, depending either on their replacement date or 
on the overall plant life. 
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Alloy 690, with a 27-31 % Cr instead of 14-17 % Cr for the 600 and a sufficient Ni content (58 %) 
has an excellent behavior against corrosion in many of the potentially encountered environments of 
a PWR.  In this regard, a high margin is gained by the use of 690 TT versus 600 MA. 

Consequently, it seems advisable, with the increasing number of units with Alloy 690 TT, to 
establish specific chemistry specifications at SB blowdown since any specification has to be 
justified in both directions : 

• restrictive enough, to prove to safety authorities and plant managers that safe operations is 
achieved, 

• not too restrictive, to demonstrate to plant management that unnecessary restrictions are not 
imposed. 

A too severe specification may mainly but not only induce:  

• Unnecessary shutdowns for some limited and acceptable pollution, 

• Unnecessary use of condensate polishers, sophisticated demineralized water plant, etc., with 
associated risk of deleterious pollutions by reagents for ion exchange resins regeneration and 
by resin fines, and  more waste releases into the environment , 

Obviously, the potential benefit of a different specification will not systematically be used, but may 
save money and contribute to protect the environment. 

These specifications should not markedly differ from what is applied now to Alloy 600 MA.  The 
normal target value, representative of a good chemistry, would be kept. The last action level, 
representative of a high and unacceptable pollution would also be in the same range as the one 
presently applied.  Only the intermediate action levels would be increased to cope with acceptable 
intermediate pollution for which an increased availability would be of some benefit.  The margin for 
safe operation in the long term would be kept.  

As an example, the table 4 below is the type of chemistry specification proposed for the SG 
blowdown that could be applied without any risk for a proper behavior of the tubing during the 60 
years life of the new European Pressurized Reactor with Alloy 690 TT.  The values and zones 
durations are based on the explained above rationale, mainly corrosion behavior, and on the 
experience feedback of the 58 French units of what is achievable and of some use. 

Table 4. Example of specification for SG with 690 tubing 

 

Zone Definition Maximum Duration Cation 
Conductivity 

µS/cm 

Sodium 
µg/kg (ppb) 

1 Expected Value 
 

No time limit < 0.3 < 3 

2 Limit Value No time limit < 1 < 20 

3 Low pollution 1 month 1 to 1.5 20 to 35 

4 Intermediate pollution 1 week 1.5 to 4 35 to 100 

5 High pollution 24 hours 4 to 10 100 to 250 
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6 Unacceptable 
pollution 

1 hour > 10 > 250 

 

3.5. Relation between data processing and operation, chemistry specification 

 
It has been explained at the end of 2nd DAWAC meeting that data processing is to be used for 
several purposes: 

• on-line monitor values transmitted to plant staff in charge of immediate decision 
including potential shutdown, particularly for all the cases where safety or material 
integrity are an issue (e.g. high pollution at SG blowdown), 

• chemistry staff decision for other decisions and remedial actions, 

• chemistry trends on short term for checking that the optimum chemistry is applied in 
order to minimize material corrosion, dose rates, wastes to the environment, operating 
costs ; (e.g. such trending may identify a small pollution that may be fixed or a 
treatment deviation), 

• chemistry trending on long term for evaluation of the whole fuel cycles, post 
performances, detection of any undesirable evaluation ; it will be also used in this case 
for the chemistry index preparation and appreciation, 

• studies of relation between chemistry performances and any concerned phenomenon 
(e.g. corrosion, dose rate, waste release), 

• updating and validation of models (mainly for corrosion and dosimetry), 

• defining what should be further investigated in terms of R & D, plant tests and 
experiments, 

• updating chemistry specifications, including expected and limit values, monitoring 
frequency, remedial action, operation practices, reagent selection. 

3.6. Expert role with data processing 

In addition to (a) the normal staff in charge of chemistry follow, plant operation and immediate 
remedial action, there is the need for (b) studies, always improved chemistry and updating 
specification as explained in § 5. 

In some organization according to previous (a) and (b) work, there is one main chemist expert in 
charge of both : 

(a) : plant chemistry operation, 

(b) : studies and chemistry specification updating. 

This is mainly the case of utilities with only one plant. In some other utilities, (a) work is performed 
by plant staff, while (b) one is done by a corporate office expert or group of experts which may, in 
some cases, give an advice to plant staff for unusual situations. This is the typical case of larges 
utilities (EDF in France, REA in Russia). 
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There are other types of potential organizations, for either economical or efficiency optimization. 

The typical case is the US utilities where (b) work is mainly covered by large organizations (EPRI, 
INPO, NEI, R&D Laboratories, Consultants) under the control of the utilities while (a) is mainly 
covered by the plant staff of the utilities. In some cases, the utility may have one expert in the 
corporate office or even in the plant. In addition, a central consultancy company for giving an alert 
and advice even for (a) category decision is under consideration. 

This seems acceptable as soon as : 

• the link between the plant staff in charge of feeding the data processing system and the 
consultant is sufficient, 

• the consultant may rely on a staff with sufficient plant experience, to discuss with him and 
give him the appropriate advice, 

• the responsibility remains clearly in the plant able to understand the action proposed by the 
consultant. 

Then, with more and more improved chemistry, requiring a high performance level in terms of 
safety, reliability, availability, environmental impact, economy, it appears that it is almost 
impossible to have a plant chemist able to properly cover (a) and (b), even when participating at 
international conferences and working groups, unless the expert has a long past experience and 
background. 

Thus, a central consultancy organization with high level experts able to give an advice to several 
types of utilities appears to be of use for very specific cases. The main difficulty would be to have a 
sufficiently high level expert to cover all the unexpected situations but with a low frequency 
request. 

It seems more logical to have such experts in charge of occasional and specific advice also in 
charge of other engineering studies and remaining in relation with international data as well as plant 
feedback. 

3.7. Conclusion 

On-line monitoring and associated data processing are absolutely necessary for a correct plant 
operation and for updating chemistry specifications and practices. 

In order to be efficient and reliable, the number of on-line monitors needs to be limited to what is 
necessary for decision on plant operation (immediate actions) and for diagnosis. 

The data processing needs to be optimized to be clear enough for important parameter trending 
which will be used for (i) decisions on short term action, (ii) for evaluation of adequate chemistry 
on the medium term and (iii) for chemistry specifications and practices improvement. 

Such updating is necessary and requires to be based on plant data as well as R&D, international 
experience, plant feedback. It must induce the implementation of more restrictive specifications 
when necessary but should also allow less restrictive ones when materials or design have been 
improved. Thus the managers in charge of decisions will be aware that what is specified is really 
necessary. 

Finally, several types of organization are possible to provide the plant with 2 types of experts,  those 
in charge of normal operating decisions and those who will have to evaluate unusual situation and 
to improve specifications according to plant specificities (design, materials) and to above described 
input data. 
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THE DATA EVALUATION AND DIAGNOSTIC SYSTEMS FOR WATER 
CHEMISTRY IN NPP's 

 

V.G. KRITSKI 
VNIPIET, St.-Petersburg 

 

Abstract 

 

The chemical and corrosion monitoring system was developed as an open-ended system, which 
allows to include additional modules of various computations (filter cycle, unmeasured water 
chemistry parameters etc.), modules of elementary water chemistry diagnostics and prediction. The 
use of expended capacities of the system will allow to detect deviations in water chemistry status on 
the earliest stages, to find causes of these deviations and remove these disturbances timelyly by 
means of advices to the operator. 

It is shown that single parameter models can be used to predict intergranular stress corrosion 
cracking. With this aim the empirical dependence between time to cracking of steam generator 
elements and chloride concentration in blow-down water is offered. 

Due to physical nature of interrelation of values of all water-chemistry parameters that are under 
regular monitoring the annual amount of corrosion products of iron in the multiplied forced 
circulation circuit of RBMK can be used as a parameter to evaluate the degree of coolant impurity. 
The correlation between the number (ni) of defective equipment components of the LWR (steam 
separator modules, process channel plugs, fuel assemblies, collective dosages) and the quantity of 
corrosion products of iron (xi), carried into the reactors loops was found. 

Measures on reliability improvement of NPP shall include the following: 

- water chemistry data evaluation; 

ECP maintenance of water chemistry; 

decrease of static and dynamic loads. 

In making short-term predictions, the system uses algorithms and the exponential smoothing 
technique as it allows assessing parameters of the trend, which define a more general tendency. 

 

1. COLLECTING EXPERIENCE IN ALGORITHMS AND CALCULATING ROUTINES FOR 
EVALUATION OF WATER CHEMISTRY PARAMETERS 

1.1. Multifunctional water chemistry and corrosion monitoring system at NPPs 

The problems arising in NPP operation are to prevent corrosion damages of equipment structural 
materials. The main target of the automated chemical control (ACC) and corrosion monitoring 
(CM) system for NPP water chemistry condition (WCh) developed by VNIIPIET designers is to 
resolve these problems. 
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The main system’s functions are the obtaining and preliminarily processing of all the water 
chemistry on-line data and others parameters (physical & chemical and thermal & physical) 
necessary to analyze coolant to maintain optimum power unit water chemistry.  

The modern approach to building such systems sets special requirements according to which our 
system was updated and currently is based on a stock of automated chemical control instruments 
and soft- and hardware facilities.     

The chemical and corrosion monitoring system is a combined program technical and engineering 
complex accumulating data from three sources: 

Laboratory analyses data of chemical indices of a specified periodicity which make up most of 
the volume of water quality control; 

Automated control data of chemical and others important thermal & physical parameters which 
make up from 30 % to 40 % of the total volume of water quality control; 

Corrosion process data obtained from electrochemical potentials and allied data of WCh quality, 
which make up approximately 5 % of the total volume of water quality control. 

The ACC and CM systems have the following main capacities: 

Collect, process and present WCh on-line status data to the operator (scope of control is about 100 
parameters per one power unit from main and support systems); 

Input from keyboard WCh quality data obtained from laboratory analyses; 

Generate warning (light and audible) signals about parameters deviation from standard values in 
various regimes of reactor performance; 

Prepare input measuring data and transmit them to the operator; 

Process and record data; 

Protect information against unauthorized access; 

Store current WCh status information depending on its character in different databases – short-
term, long-term, event databases (databases maintenance); 

Safety of information in the event of an emergency; 

Secure system operability in case of single failure of local network users; 

Document information and print different type (general, summary etc.) of reports. 

One of the most important functions of the NPP chemical and corrosion monitoring system is to 
present on – line and laboratory data of chemical control to the operator on technological functional 
schemes (fig.1) with time synchronization. 

The system implements a feasibility to retrospectively analyze situation development over a random 
time interval by generating tables of different structure with the standard statistical data processing 
as well as timing diagrams and trends (fig.2). 

The cost-effectiveness of introducing our system is stipulated with a high degree of damaging of the 
main circuit equipment in case of water chemistry disturbances (up to 50 % of all disturbances) at a 
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scope of automatic chemical control no more than 40 % of the total scope of control of power - 
generating equipment  [10].  

To provide functioning of the ACC and CM system’s top level we have developed a package of 
application programs with the use of standard and our programmed classes and algorithms - a 
program complex “POTOK” which is a three-level application within the Borland Delphi 
programming environment, version 5.0.     

 

Figure 1 - Schematic diagram of power unit and display panel for viewing status of 
technological systems with a table of exceeded parameters 

 

 

Figure 2 - Time dependences of quality index values on diagrams for each controlled indices 
with limit levels 
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The chemical and corrosion monitoring system was developed as an open-ended system, which 
allows including additional modules of various computations (filter cycle, unmeasured WCh 
parameters etc.), modules of elementary WCh diagnostics and prediction. The use of expended 
capacities of the system will allow detecting deviations in WCh status of the earliest stages, finding 
causes of these deviations and timely removing these disturbances by means of advices to the 
operator. 

At the same time, the system is actually a basis or the first step to create a more powerful system for 
diagnosing and predicting the NPP WCh status. 

 

1.2 Development of Functional capabilities for water chemistry diagnostic system 

The main purpose of diagnostics and monitoring systems is to assist service personnel in water 
chemistry control and maintenance. 

According to the tasks to be resolved the following groups of modules were organized within the 
system: data acquisition, storage and processing modules, a group of preparation and calculation 
modules, diagnostics modules including subgroups of visualization, analysis, diagnostic results 
interpretation modules and a knowledge acquisition module and a two type of short and long 
time prediction module. 

For preliminary diagnosing, our system uses data from normative documents, in particular, the 
WCh operational regulation. In building models based on such type of information, productive rules 
are created on the basic of classic logic expressions and necessary formulas – based on simple 
mathematical transformations. 

Thus, initial diagnostics is carried out for the excess of routine values by quality indices specified in 
regulations. The logic of diagnostics algorithms development is based on the use of only operating 
value limits of indices to be normalized. Moreover, diagnostics algorithms of the valid routine do 
not consider a situation of a possible deviation of several quality indices beyond specified values 
simultaneously. 

However, since the main task of our diagnostics system is to detect credible disturbances at the 
earliest stage, the use of regulatory documents alone is insufficient. 

For a closer analysis of information our diagnostics system is based on the long-term experience 
obtained by NPP personnel, i.e. on expert knowledge. A complicated correlation of water 
chemistry indexes, which is insufficiently reflected in normative documents, also speaks in the 
favor of this approach.    

In this connection, in algorithms of extended diagnosing our system uses reference levels set below 
operational limits and even tougher threshold values of indices that, according to expert 
interrogations, are used by NPP experts in operation.   

One of the most significant advantages of our expert system is a WCh diagnostics model which 
based on diagnostic matrices and refining productive rules with the use of fuzzy logic. 

Due to the use of frames, the diagnostic model provide more extended and various knowledge of 
water chemistry and because of applying production rules the logical structure and a possibility to 
use the fuzzy logic instrument are realized which allow to numerically evaluating assurance in the 

 4



 

diagnosis produced. Such an approach allows identifying and analyzing a complex of causes of 
disturbance in WCh status. 

Except for two mentioned information sources our system collects processed statistical data, 
which can be used later for prediction, generation of disturbance archives, correction of diagnoses 
and simulation. 

The simulation model of the process is built based on accumulated statistical data and reflects a 
probable object status that had already place over the data accumulation period. The presence of this 
simulation model in the system allows refining diagnoses derived from the basic model. 

The simulation model of some processes, which use statistical data about quality indices values, is 
accomplished with the application of nonparametric statistical techniques and neuron-network 
techniques of automatic classification and based on correlation analysis techniques. 

By now, we have developed an algorithm of water chemistry simulation. The performance of this 
algorithm was tested by simpler simulation of RCC (the Forced Recirculation Coolant Circuit) 
water chemistry.      

The use of above techniques allows implementing such important functions of the diagnostics and 
monitoring systems like a virtual sensor, data recovery in case of measurement channel failures. 

A specially developed knowledge acquisition module is used to enter new knowledge into 
diagnostics model and to revise available data. 

The list of diagnostic indices is renewed and edited, criterion and threshold values are set of them, 
lists of faults, recommendations and additional questions are prepared against specially developed 
patterns based on structured knowledge (fig.3). 

 

level 1 

level 1 

level 1 

Figure 3 – Setting threshold and criterion values for diagnostic parameters 

 

The link between diagnostic indices and proper diagnoses is established by introducing productive 
(diagnostic) rules, which are prepared and entered into the knowledgebase with a special logic-
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programming language. Links within the model are set when preparing diagnostic rules on the 
screen with necessary fuzzy coefficients.  

The main structure of the diagnostic rule description language is the logical message for each 
conclusion 

)*(then),...(If dpkkdpdp
i

n

1i
ijujn1 ∑

=

=   

Where (dpi…dpn) – logical merging of diagnostic indices significant for diagnosing j; dpi – 
diagnostic indices values in fuzzy form; kuj – confidence coefficient in j - numbered diagnosis; kij – 
weighting coefficient of index i for diagnosis j. 

 

 

Figure 4 – Formation of diagnostic (production) rules 

 

Data entry into diagnostics system database by the use of knowledgebase adjustment module is 
adapted to the operating personnel (process engineers of the chemical workshop). The inclusion of 
this module in the system’s structure substantially extends system’s possibilities for training and 
adaptation. 

The prediction module for short time uses information about variations of all the diagnostic 
indices in complex. In course of the first stage of its performance, an express-prediction of 
individual indices value variations is built. Conventional extrapolation is used as a prediction 
technique in the prediction module. Fig.5 presents an example of predicting on oxygen 
concentration value before deaeration as of December 31, 2002 against 50 previous values. 
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Figure 5 - Building of express-prediction by extrapolation technique 

 

A general prediction of the WCh status is made based on individual predictions against indices. In 
its performance, this module triggers the diagnostics module whose performance results, in this 
case, are recorded in a special WCh status prediction file. The verification of a made prediction 
entered by the user are recorded in prediction and fault files and are used by the system in making 
new predictions and updating diagnoses. 

In making long-term predictions, the system uses algorithms and the exponential smoothing 
technique as it allows assessing parameters of the trend, which define a more general tendency. 

 

1.3 Development of control system for cracking prevention of near-seam zone of pipelines 
Du300 

 

In January 1997, during routine in-service radiographic inspections, cracks were found in 35% of 
the 974 welds of 300 mm diameter austenitic piping in Leningrad PP Unit 3. None of these cracks 
were through wall cracks. The areas were removed for investigation and intergranular cracks were 
found in the heat affected zone (HAZ). These had the classical characteristics of IGSCC studied 
extensively in western BWRs. 

Intergranular stress corrosion cracking (IGSCC) arises with the simultaneous occurrence of three 
critical parameters: material condition, stress condition and water chemistry. Of all the factors that 
are involved in the interaction of these three conditions, the following three appear to be the critical 
ones for RBMK piping: 

- some level of thermal sensitization due to welding (chromium depleted grain boundaries). There is 
no true threshold sensitization level, but cracking is easier the more the pipe is sensitized, and vice 
versa (for example, slow strain rate tests on A321 type steel revealed no IGSCC when measured DL 
EPR ratios were below 1%). The sensitization may be further enhanced by the phenomenon of low 
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temperature sensitization that occurs during long term operation; 

- high tensile residual stresses, plastic strain and deformation derived from the pipe weld 
preparation and welding process; 

- an oxidizing reactor water environment, with total concentrations of chloride and sulfate above 10 
ppb, which strongly affects water conductivity. 

In the course of studying the influence of the water quality on the propagation rate of the IGSCC of 
stainless steel there have been found common regularities for nonstabilized steel type 304SS and 
stabilized steel type Cr18Ni10Ti1, which allows (with some restrictions) to use a database for 
304SS steel accumulated at American Atomic Power Plants to estimate the behavior of the welds in 
downcomers RBMK-1000, according to the theory where the mechanism of cracking is "sliding 
dissolution". Let us examine first of all the effect of one water chemistry factor: electric 
conductivity of coolant with the concentration of oxidizer within the limits of 0,5 to 4 ppm. Fig.6 
shows the cracking rate as a function of electric conductivity of water. 
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Fig. 6. The cracking rate as a function of electrical conductivity of water 

χ1=0.4-0.6 µSm/cm;   χ2=1.25-2.3 µSm/cm 

It follows from the data in Fig.1 that if the cracking occurred under normal operation conditions 
(NOC), the average electric conductivity of water should have been approx. 
0.65±0.25 µSm/cm during all 15 years of operation, which was not observed at the Leningrad 
Atomic Power Plant under normal operation conditions (average value on the 3-rd Power Unit was 
χ ≤0.2±0.05 µSm/cm). Assuming that the cracking occurred in the mode of hydro-testing (HT), then 
average electric conductivity would have been in the interval of 1.25 to 2.3 µSm/cm. This is close 
enough to values usually observed on the units of Leningrad NPP during 1995-98 (0.7-1.5 
µSm/cm). The main circulation pumps (MCP) are switched on and off in the process of HT and 
start-up which results in additional static and vibrating loads on the downcomers. At that the 
temperature is maintained at the level of 130°С to 150°С. It is known from the special literature that 
the probability of the occurrence of Intergranular stress corrosion cracking (IGSCC) and the rate 
propagation of cracks at 150оС can be 2 to 10 times higher than at 300°С. 
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Data of the quality of water chemistry of multiple forced circulation circuit at the Leningrad NPP 
show that in the temperature range in which prestarting hydro-testing are usually carried out, the 
concentration of oxygen exceeds 100 ppb, electric conductivity of water is 0.7 to 1.5 µSm/cm, рН-
value is lower than 6, which makes most favorable conditions for the propagation of cracks by the 
mechanism of IGSCC. Furthermore, the presence of chlorides and sulfates can affect the process of 
hydroshaping and of reactor start-up. Even with the first-stage of construction Power Units of the 
Leningrad NPP, which are considered to be more safe from the point of view of water chemistry 
quality, the χ/рН ratio indicates that the salt impurities (recalculated for NaCl) are present in 
concentrations up to 250 ppb. 

It is shown in the literature that, other things being equal, the greatest rate of IGSCC is observed in 
the range of 150°С to 200°С, which is caused by increased solubility of iron oxides and accelerated 
propagation of a crack. 

Stress corrosion cracking will proceed only if the environment is such that an electrochemical (i.e., 
corrosion) reaction can occur. This is in turn controlled by the oxidizing power of the solution in 
contact with the metal surface. In the RBMK environment, the controlling oxidizing species are O2 
and H2O2. H2O2 is much more oxidizing than O2 and peroxide levels in the RBMK can be quite 
high. 

Figure 7 compares the dissolved oxygen changes in the primary coolant of RBMKs and BWRs 
during startup and shutdown. During these periods, both reactors operate in a domain of O2 and 
temperature where IGSCC is observed. 

For the control of the probability of occurrence of IGSCC and, correspondingly, the efficiency of 
measures for the prevention of crack formation, it would be worthwhile to develop and establish the 
corrosion monitoring system. The first step is development of corrosion measure loop. 

Theoretically, the control of the probability of occurrence and the rate of propagation of IGSCC is 
based on physical and chemical concepts about the complex mechanism of dissolution and 
repassivation of metal with the "jump" of a crack to one step of increase. 

Along with the properties and chemical composition of steels that determine a tendency toward 
IGSCC, essential influence on the initiation and propagation of IGSCC is determined by the value 
of stationary potential sustained in the medium, the potential value in clean water is most frequently 
connected with the concentration of dissolved oxygen. Fig.8 shows the potential of 304SS steel 
(relative to normal hydrogen electrode) in clean water (χ ~ 0.1 µSm/cm) at 250°С as a function of 
the oxygen concentration. Critical potential Еcrit is established below which this material is not 
susceptible to IGSCC (<-230...-250 mV standard hydrogen electrode, SHE), which corresponds to 
the concentration of oxygen <5...10 ppb. 
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Fig.7. Dissolved oxygen changes in BWRs and RBMKs primary coolant during start-up and 
shutdown depending on temperature 
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Fig. 8. Influence of dissolved oxygen on the potential of corrosion of  304SS steel in high-clean 
water at 250°С 

 

Еcorr depends also on the temperature of medium and its electric conductivity. The potential of 
stainless steel in the high-temperature water with changes in рН-value is described by Nernst’s 
equation. In this case the behavior of steel can be considered as oxygen or hydrogen electrode. With 

a constant volatility of oxygen or hydrogen and changing рН-value for reactions  

or  the Nernst’s equation 

2He2H2 →+
−

+

OH2e2H2O2/1 22 →++
−

+ ++= Hln
nF
RTEE C  is simplified, taking the 

form of ΔЕ=0,112ΔрН at 288 °С. Thus, the рН-value influence is finally reduced to the potential-
determining role of water-dissolved oxygen in the occurrence of IGSCC. It follows from the 
corrosion theory that, other conditions being equal, the metal potential is determined by the current 
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of corrosion icorr which, in its turn, strongly depends on the electric conductivity of medium χ. 

Simultaneous measurements of corrosion potential (Еcorr) and electrical conductivity (χ) should be 
carried out to enable forecasting the occurrence and development of cracks and determining the 
moment of the "worst" combination of the factors involving IGSCC. Operative measurement of 
CO2, CH2 is necessary to diagnose the reasons of water chemistry deviations. 

Priority installation points for corrosion monitoring sensors of downcomers or distributing group 
header (DGH) are the sampling points of the circulation circuit as close as possible to the equipment 
sections susceptible to damages by the mechanism of IGSCC (see Fig.9). 

 

Sample line to 
corrosion 

potential measure 

Fig. 9. RBMK Main circulation circuit and point measure ECP 

 

The sensor of corrosion potential measurement includes a working electrode and two reference 
electrodes. Sample of SS Cr18Ni10Тi1 steel are used as the working electrode. 

The reference electrode should be so designed as to provide for sufficient strength and to be capable 
of working in a flowing stream at a temperature of 150oC to 280oC and not to be susceptible to 

 11



 

gamma-neutron fields. Two kinds of material can be used as reference electrodes to satisfy the 
above criteria - platinum and zirconium. Platinum electrode ensures thermodynamically stable 
reference estimation when the molar ratio of dissolved hydrogen to (О2+Н2О2) is greater than 2. 
Equilibrium potential (Рtel.) is calculated according to Nernst’s equation. 

The potential of the zirconium electrode depends on the concentration of oxidizers to a considerably 
lesser extent (see Fig. 10 and 11) as compared with the steel electrode. 
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Fig.10. Influence of the oxygen content in the water of reactor on the metal potential 
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Fig.11. Influence of the H2O2 content in the water on the potential SS 

 

Corrosion monitoring measure loop (CML) connected to a water line from a drum-separator is 
mounted and now being tested at the Leningrad NPP (see Fig. 12). 

CML consist of a cooling unit with mechanical filters of the products of corrosion, high-
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temperature sensor, an after-cooling unit and low-temperature sensor (see Fig. 13, 14, 15). 

The sensor of corrosion potential measurement is intended for the control of electrochemical 
potential of stainless steel and determination of critical potential of the IGSCC appearance at 
temperatures of 150°С to 200°С  

The sensor of polarization resistance is intended to determine the rate of the uniform corrosion of 
metals, high-temperature electric conductivity and electrochemical impedance on the metal/solution 
boundary in the decontamination process. 

The sensor of dissolved gases - "hydrogen - oxygen" monoblock unit is intended for the continuous 
determination of mass concentration of dissolved hydrogen and dissolved oxygen in the coolant of 
primary circuit at an excess pressure of  0.1 to 1.0 MPa at 25°С. 

The sensor of electric conductivity is intended for determining the electric conductivity of water. 
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Fig. 12. Hydraulic hookup diagram of the "Corrosion measure loop” with instrumentation 
elements 

1 – drum separator, 2 - pulse pipes, 3 - disconnecting device, 4 – bellows valve, 5 - connection 
sphere on the cone, 6 - cooler, 7 – screw-regulator of flow rate, 8 – mechanical filter, 9 - sensor 
of electrochemical corrosion potential, 10 - sensor of polarization resistance, 11 -  pressure 
regulator, 12 - measuring instrument of concentration H2, О3,  13 - conductometer, 14 - struts, 
15 – collection of leakages 
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Fig. 13. View of the sensing device (sensor) of stainless steel potential 

 

 

Fig.14. View of the measuring instrument of concentration of the dissolved oxygen and 
hydrogen under pressure of 1 MPa without degassing of sample («hydrogen - oxygen 
monoblock unit ») 
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Fig.15. ECP equipment for LNPP unit 3 
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2 THE PREDICTION MODULE FOR LONG-TIME 

 

Main important parameters that influence on service life of the equipment of nuclear power plants, 
formation of deposits on fuels and accumulation of activity are concentrations of aggressive 
impurities, electric conductivity of water, рН value and concentration of corrosion products in the 
coolant [3,4]. 

The number of types of equipment components of nuclear power plants, sudden failures of which 
should be prevented is tremendous. The study of the flow of failures intensity of separate equipment 
components taking into consideration variety of possible mechanisms of generation and 
development of defects is not effective due to complicity of conducting proving experiments. The 
long-time predict module based on quantitative evaluation of the influence of parameters of water-
chemistry on service life of different equipment components of nuclear power plants. That 
prepiered by implementation of the chemometric method of analysis. The chemometric analysis is a 
kind of the system analysis [1], which is based on the search of functional interrelations in a certain 
system. In our case the process circuits of reactor blocks of nuclear power plants can be regarded as 
systems.  

Within the limits of the chemometric analysis data included in reports on failures of equipment and 
the results of regular chemical monitoring of the coolant agent of process circuits of the reactor 
block of nuclear power plants are regarded as the database of a passive experiment [2]. Parameters 
of the water-chemistry of process circuits are interrelated physically and are checked regularly by 
independent channels. It makes it possible, on the one hand, to check the reliability thereof and, on 
the other hand, to use them for general description of situations regarding service life of various 
equipment components assuming functional similarity in generation and development of a defect 
[8]. In this case service life characteristics of equipment component are the response function, e.g. 
the flow of failures, intensity, and the results of regular measurements of parameters of the water-
chemistry are the argument. 

 

2.1 WWER-1000 steam generators 

 

The generally acknowledged point of view is that corrosion cracking is determined by the 
combination of three factors: mechanical stresses (permanent or variable), metallurgical structural 
condition of metal (degree of phases dispersity of various electrochemical nature), the composition 
of water medium. 

From the phenomenological point of view there is no difference in cracking of stainless or carbon 
steels. The question is in the specific combination of corrosion conditions, the metal structure and 
the water chemistry. 

The technique of fabrication of steam generators is similar. Therefore it can be supposed that the 
operating life of steam generators of the same project will be equal. Ten years ago was established, 
that the operating life of similar steam generators to the first failure caused by cracking of the 
“cold” header varies within the wide range (from up 7 to 60 thousand hours). It is likely to be 
connected with chemical composition of boiler water. 

In the cases when the controlling stage (more long stage) of the process is formation of crack 
nucleus the influence of the water chemical composition and properties of formed films will be 
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decisive during corrosion mechanical destruction.  

The oxygen content in steam generators is very low so there is admissible to take into account only 
the influence of corrosion-aggressive anions (chlorides, sulphates and ets.) on the protective 
properties of the oxide films. 

The processes of interaction between water impurities and surface films of oxides resulting in 
decrease of their protective properties can be characterized by the value of the measured 
polarization resistance of the oxide film. The correlation between polarization resistance at a 
temperature of 300°С and the concentration of anions С1-, SO4

2-, F- is shown in Fig.16. As it can be 
seen in this figure the influence of equivalent concentrations of chlorides and sulphates on 
polarization resistance and accordingly on the state of surface films is practically equal. It is well 
known that the main source of chlorides and sulphates input into the secondary circuit of a nuclear 
power plant with WWER reactors is suction of cooling water in the condensers of the steam 
turbines [7,8]. And what is more even if desalting systems are provided, the concentration ratio of 
main corrosion active anions (chlorides and sulphates) in the blow-down water of steam generators 
for WWER-1000 reactor is almost the same as in the cooling water of the condensers of relevant 
nuclear power plants. The content of chlorides can be chosen as a "mark" for operative valuation of 
coolant corrosion aggressivity with respect to the components of the steam generators. 
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Figure 16 - The dependence of polarization rezistance of SS type 304 from concentration of 
ions 

С1- ( ), SO4
2- (О), F- (◊) under T=300 oC; Rps, - polarization rezistance in the water with 

impurity ions; Rpo - polarization rezistance in the distilled water 

 

Taking into account the fact that the chlorides concentration is the "mark" and the 
[С1-/SO4

2-] ratio is practically constant and is characteristic for each nuclear power plant, single 
parameter models can be used for predicting intergranular stress corrosion cracking propagation. 
The correlation between reverse concentration of chloride-ions in blow-down water and the time to 
the destruction of "cold" headers of steam generators at some nuclear power plants with WWER-
1000 reactors is shown in Fig.17a (data 1985-1990). This correlation can be expressed by equation 
of the following type: 
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,]Cl[ 1
0SCC

−−⋅α+τ=τ         (1) 

where τ0≈(2000±600) hr, α≈(4.0±0.6) hr⋅g/kg, [Cl-] – chloride concentration in g/kg. The physical 
sense of coefficient α in (1) is limiting amount of chlorides (or to be more exact the total quantity of 
anions in a unit of blow-down water flow), required for the "cold" header cracking. 

To evaluate residual operating life of the steam generator (τrl) the following expression can be used: 

,C)C( 1
0iirl ∑ −⋅τΔ⋅Δ−α=τ        (2) 

where ΣΔСi⋅Δτi - the sum of products of the chloride content in boiler water multiplied by the 
duration of maintaining this concentration; Со - expected mean value of chloride concentration 
during the predicted period. The difference of the results of calculations using equation (2) and 
available operation data when the period from the start of operation is equal to 0.5 τSCC does not 
exceed 15-20 %. 

The foregoing make it possible to justify the standard of corrosive anions content by the "mark" (Сl- 

concentration) to ensure the efficiency of steam generators for nuclear power plants with WWER-
1000 reactor during 200 thousand hours, with headers fabricated from high-stress low-alloy steel. 
According to extrapolation of equations (1) and (2) the concentration of [Cl−]=20,0 ppb in blow-
down water is such standard for a steam generator with "forced fixation". The operation of steam 
generator "disfixation" allowed to increase this standard to 50 ppb. 

Similar approach is justified for pipes of steam generators for WWER reactors as well. The 
correlation between the percentage of plugged pipes in steam generators at some nuclear power 
plants with WWER-440 reactors and maximal values of concentration of chlorides recorded in 
blow-down water of steam generator is shown in fig.17b. The intensity of pipes failures (percentage 
of pipes plugged during the life time) depends on the aggressivity of boiler water that is on the 
excessive value over the specified limits of such parameters as concentration of С1- or pН25, and the 
period during which these specified limits were exceeded. 

As the rate of stainless steel corrosion depends but a little on рН25, expression (2) can also be used 
to predict the intensity of failure of pipes at a certain aggressivity of boiler water. For steam 
generators of nuclear power plants with WWER-440 reactors with the percentage of plugged pipes 
being within the range from 0.3 to 1% of the total number of pipes  α constant value is 
(12±2) hr⋅g/kg. 

The another factor that may provokes propagation of intergranular stress corrosion cracking in the 
components of steam generators we consider to be dynamic loads.  
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Figure 17 - The influence of Cl- concentration in the boiler water on the break-down of steam 
generator pipes 

а – correlation between Cl- concentration and steam-generator life time to break-down 
detection: 

■ – the cracking of "forced fixed" cold headers of steam generator SG-1000; 

□ – Cl- concentration which provide life time not less than 200000 h (normative); 

О – time to cracking of the first pipes steam generator (NPP with WWER-440); 

Δ - time to cracking of 0,3-1% pipes of steam generator (NPP with WWER-440); 

b – dependence of part of plugged steam generator pipes upon maximum concentration of Cl- 
in blow-down water 

 

To decrease the value of dynamic loads the operation of "disfixation" of steam generators SG-1000 
headers was made in 1991-1994 years. Besides, the water chemistry standards on chlorine and other 
impurities content in blow-down water were changed from 500 ppb in 1985 to 150 ppb in 1991 and 
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50 ppb in 1993. At present the corrosion cracking of cold headers of steam generators SG-1000 is 
not observed. At Kalininskaya NPP cold headers have already worked without replacement more 
than 140 th. hours. 

 

2.2 Chemometric method of evaluation of influence of operational conditions on the service 
life of the equipment of LWR 

 

Due to physical nature of interrelation of values of all water-chemistry parameters that are under 
regular monitoring the annual amount of corrosion products of iron in the multiplied forced 
circulation circuit of RBMK can be used as a parameter to evaluate the degree of impurity of the 
coolant. The correlation between the number (ni) in several time of defective equipment 
components of the reactor of the RBMK-1000 type (steam separator modules, process channel 
plugs, fuel assemblies, collective dosages during repairs) and the quantity of corrosion products of 
iron (xi), carried into the reactors in equil time with feed water [5] is shown in fig.18. The data 
presented in fig.8 are normalized within each function ni=f (Fe) taking into account average value 
of the relative interval of variation of current values. 

When applying the chemometric method of analysis it is expedient to use dimensionless values 
normalized by a certain rule [2]. E.g. values may be normalized as the difference between the 
current value of the magnitude to be converted and its average values in the sample for a certain 
temporal period divided by the difference between the maximal and minimal values in this sample 
[2]. Normalizing makes it possible to compare parameters having different dimensions of quantity 
and incomparable numerical values and to objectively compare parameter values of similar reactor 
blocks with different variation intervals of these parameters. Besides the chosen method of 
normalization enables to exclude mechanisms of initialization and development of a certain defect.  
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Figure 18 - A correlation between normalized values of indices of RBMK-1000 equipment 
reliability collective dose and normalized values of iron corrosion product release with feed 
water 
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Three areas can be singled out conditionally in fig.8 and interpreted in the following way: 

I – high purity area of the coolant, hence the influence of the coolant on service life of equipment 
components of nuclear power plants is insignificant, in this case service life of equipment during 
operation is mainly determined by properties of the material of the equipment and the level of loads, 
assigned by the structure concerned and specified in the project; 

II – area of correlation between service life characteristics of equipment and characteristics of the 
coolant; 

III – area of inadmissible reduction of service life of equipment components of nuclear power 
plants, in this case the site personnel takes active arrangements to replace defective equipment, 
changes structural material or the design of equipment. 

Areas I and III are not expressed distinctly. It is caused, on the one hand, by difficulty to maintain 
high purity with the existing equipment and, on the other hand, approaching area III is a substantial 
violation of standards which results in great socio-economic losses – reduction of the established 
capacity factor, increase of the scope of repairs, increase of the collective dose.  

In area II calculations with the use of converted initial data in dimensionless (normalized) 
coordinates are characterized by high (>0,7) coefficients of correlation between main characteristics 
(specific electric conductivity, content of iron corrosion products) and service life characteristics of 
equipment components of nuclear power plants. Hence to evaluate the quality of the water-
chemistry on service life characteristics quantitative linear regularities can be used: 

n = a +bx          (3) 

where n – one of service life characteristics, х – one of main characteristics of the water regime. 

The influence of increase of aggressive impurities content according to model (3) for levels of 
action specified by Russian STP EO 0005-01 in normalized coordinates for specific electric 
conductivity and concentration of chlorides of the coolant are correspondence. 

Area I  period usual operation. 

Area II  1 and 2 levels of action (periods for change of parameters water chemistry to usual 
operation levels). 

Area III 3 level of action (shut down). 

 

CONCLUSIONS 

The chemical and corrosion monitoring system was developed as an open-ended system, which 
allows to include additional modules of various computations (filter cycle, unmeasured water 
chemistry parameters etc.), modules of elementary water chemistry diagnostics and prediction. The 
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use of expended capacities of the system will allow to detect deviations in water chemistry status on 
the earliest stages, to find causes of these deviations and remove these disturbances timelyly by 
means of advices to the operator. 

Measures on reliability improvement of NPP shall include the following: 

- water chemistry data evaluation; 

- ECP maintenance of water chemistry; 

- decrease of static and dynamic loads. 

In making short-term predictions, the system uses algorithms and the exponential smoothing 
technique as it allows to assess parameters of the trend, which define a more general tendency. 

The long-term prediction modules of diagnostic system are bases on the correlation between the 
number (ni) of defective equipment components of the LWR (steam separator modules, process 
channel plugs, fuel assemblies, collective dosages) and the quantity of corrosion products of iron 
(xi), carried into the reactors loops. 
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On-line Chemistry Monitoring, 
Diagnostics and Analysis in CANDU

Dr. Carl W. Turner
Atomic Energy of Canada Ltd

Part 1. ChemANDTM – A System Health Monitor for 
Plant Chemistry



Outline of Part 1

• Health Monitoring Requirements
• Health Monitoring of Plant Chemistry

− Monitoring, trending, diagnostics
− Alarming for chemistry out-of-spec
− Reporting and accountability
− Models for prediction and analysis

• Chemistry
• Fouling
• Corrosion

• Future Developments



Health Monitoring Tools

• ChemAND: Chemistry ANalysis and Diagnostic Tool

• System Health Monitor for plant chemistry

• Prerequisites for chemistry health monitoring:

− Historical Data Server for storage and retrieval of 
chemistry data  

− Integration of on-line and grab sample data
− Storage/retrieval and integration performed by 

dedicated HDS linked to ChemAND



Requirements for Health Monitoring

• Provide function and problem-based displays of 
plant data to facilitate diagnostics

• Provide automated monitoring & trending with 
navigational aids to compare to past performance

• Alarm on out-of-spec condition with navigational 
aids to offending parameters

• Health Reports to plant personnel, management 
and regulatory authority

• Integrate plant data with models for prediction and 
analysis  ⇒ used as an advisory to plant staff



Function and Problem-based Displays

• Purposes of chemistry monitoring and control are:
− Corrosion control  - avoid system degradation
− Reactivity control - controlled nuclear fission
− Safety control - protect personnel and components

− Monitor for problems
• Impurity ingress, fuel failure, leaks, etc.

• Display parameters that correlate with each 
function or problem – diagnostic aid



Function Based Displays
Monitor for Corrosion Control



Function Based Displays

Monitor for Safety Control



Problem-based Displays
Monitor for Condenser Leak



Problem-based Displays
Monitor for D2O Leakage



Alarm Panel and Alarm List



Health Reports

• Chemistry Report for Regulator
− Quarterly report tracks safety and performance 

indicators
− Tracks adherence to plant chemistry control manual

• # of samples (or total time) out of spec
• # of samples missed

• WANO
− Tracks adherence to industry average values
− Moving target as plant chemistry improves

• Plant Performance Parameter
− Customized health reports to specific plant requirements



Models for Prediction & Analysis

• Steam generator fouling model – SLUDGE
− Predicts SG fouling rate and deposit distribution 

from FW iron and operating parameters
• Steam-cycle chemistry model

− Predicts transport of volatile species (O2, N2H4, 
amines ⇒ calculate pH, redox conditions)

− Calculate SG crevice chemistry
− Hideout return analysis  ⇒ crevice chemistry

• SG corrosion prediction
− Based on calculated crevice pH and ECP



SLUDGE – SG Fouling
• Predicts transient fouling behaviour for steady-state 

thermohydraulic conditions
• Deposition, removal and deposit aging model 

formulated from high-temperature loop tests
• Incorporates current knowledge of SG fouling
• Predicts fouling rate and deposit distribution for:

− Start-up (crud burst) and normal operation
− Operating conditions, e.g. blowdown rate, chemistry

• Advises when to clean and where to inspect



Tracking deposit distribution with SLUDGE



ChemSolv – Steam Cycle Chemistry

• Solves differential equations (mass, charge and 
redox balance) taking account of both 
thermodynamic equilibrium and reaction kinetics

• For SG crevice chemistry, species concentration 
limited by precipitation or boiling point elevation

• ChemSolv calculates both pH and ECP; validation 
tests in progress

• Hydrazine-oxygen reaction kinetics still to be 
added for steam-cycle chemistry application



Steam Cycle Chemistry Optimization

•Tool to optimize steam cycle chemistry 
(pH, O2, N2H4) using mixtures of amines and 
different injection points



Steam Generator Crevice Chemistry



SG Crevice Chemistry Analysis

• Winter-time crevice pH = 6.7; 1.6 pH units 
above neutral pH

• Summer-time crevice pH reduced to pH 5.1 
for Cl- up to 11 ppb

• Summer-time chlorination of WTP 
increases SG Cl- and reduces crevice pH

• Elevated SO4
- from WTP makes crevice 

more sensitive to excess Cl-
• Review operational procedures to 

1) reduce SO4
- from WTP or 2) reduce 

chlorination, or add NaOH during summer



Hideout Return – Effect of Oxygen on 
Crevice pH

Req = Σ([cationn+]* n) / Σ([anionm-]* m) 
Req > 1 means acidic crevice
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Hideout Return Analysis

• Add hideout return analysis to ChemSolv
• Analysis must take account of precipitates in the 

crevice, e.g., CaSO4
• Same behaviour of Req observed in both plant data 

and laboratory test data
• Oxidizing conditions on shut-down may lead to 

acidic SG crevices during layup and subsequent 
full power operation 



Polarization of I800 to Define 
Safe Operating Region

E pp

Log i

E

Safe passive zone

Active peak in 
crevice electrolyte

IRmax

Susceptible to pitting

Susceptible to IGSCC and
crevice/underdeposit corrosion

Highly reducing potential will cause passive
film degradation & enhanced CS corrosion in
bulk SG water.

Polarization curve of 
SG tube in crevice electrolyte

Polarization curve of SG tube
free-span in bulk solution

E pit

Lower limit = Epp + IR max  

Upper limit = Epit - 50~100mV



Safe Operating Region for I800

High-temperature pH in SG crevice  
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Future Developments

• Models
− Define safe operating zones for other plant states
− Continue validation of ChemSolv crevice chemistry 

predictions, including ECP
− Add models for other systems, e.g., activity 

transport for primary heat transport system
• Monitoring

− Add displays for other systems, e.g., service water
• Alarms

− Implement alarm on high trend rate; warning + alarm



Part 2 - On-line Chemistry Monitoring, 
Diagnostics and Analysis for 

Intelligent Plant Chemistry Control



Outline

• Update on ChemAND

• Intelligent control of SG crevice chemistry
− Full-power operation; impurity ingress
− Shut down; hideout return
− Startup; oxidizing transient

• Implications for chemistry control



ChemAND Update

• ChemAND is AECL-developed software for on-line 
chemistry monitoring, diagnostics and analysis

• ChemAND features:
− Monitoring and trending of plant data
− Problem-based displays of plant chemistry data to 

facilitate diagnostics
Alarm/alert on out-of-spec conditions

− Health and performance reports
Integration of plant data with models for prediction 
and analysis



ChemAND Update

• Current Status
− Installed at Gentilly-2 NGS
− Monitors chemistry in 8 plant systems
− Analytical models for SG chemistry (ChemSolv) and 

SG fouling (SLUDGE)

• Under Development
− Enhanced Alarm Panel
− Activity transport model for primary coolant
− pH-ECP calculation for crevice chemistry



Enhanced Status Panel

• Green – all OK

• Orange – warning

• Red – out of specification

• Yellow – high trend rate or sample not taken 
according to schedule



Problem-based Display “Monitor for 
Condenser Leak”

• Alarm on high Na in the 
condensate  

• Trend in condenser hotwell Na 
caused by drift in calibration, 
not condenser leak

• Took < 5 min to diagnose and 
disposition the alarm

• Alarm on high trend rate would 
have alerted staff to the problem 
2 days before the alarm



SG Crevice Chemistry Control

• Why be concerned with SG crevice chemistry?
− Crevice chemistry is not directly measured
− Aggressive chemistry can cause pitting/cracking of 

SG tube and leak of primary coolant to secondary side

• What determines whether crevice chemistry is 
aggressive?
− Susceptibility to pitting and cracking is determined by 

pH and electrochemical corrosion potential (ECP)
− SG tube will not pit or crack if in the “safe zone”



Recommended ECP/pH Zone for Alloy 800 at 150°C
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Intelligent Chemistry Control

• Intelligent chemistry control combines:
− On-line chemistry monitoring,
− On-line predictive chemistry models,
− Knowledge of “safe operating zone” for the component or 

system of interest,
to make informed decisions regarding chemistry control.

• Illustrate with examples for SG crevice chemistry
− Impurity ingress at full power
− Hideout return
− Startup 



Impurity Ingress at Full Power

• Two principal sources of impurity ingress to 
secondary heat transport system:
− Condenser leak
− Water treatment plant

• Use ChemSolv to investigate effect of condenser 
leak and water treatment plant operation on crevice 
chemistry at CANDU-6 PHWR



Crevice Chemistry – Full Power Operation

• Impurities concentrate in 
crevice to produce 
concentrated solution with 
precipitates, e.g., Mg(OH)2, 
CaSO4, aluminosilicates

Typical Blowdown & 
Crevice Chemistry

BD Sodium 1.2 
BD Chloride 3.5 
BD Sulphate 5.0 
BD Calcium 3.5 
BD Magnesium 0.5 

Crevice pHneutral 5.1 
Crevice pHtemperature 6.8 

 



Effect of Impurities on Crevice Chemistry

• Condenser leak of sea water produces a lower 
crevice pH than a leak of fresh water  

• Still within the “safe zone” of operation, 
depending on electrochemical potential

• What is the rationale for plugging a condenser 
leak with fresh water?

Condenser Leak pHneutral pHtemperature

Sea Water 5.1 5.3

River Water 5.1 6.7



Effect of Impurities on Crevice Chemistry

• Summer time chlorination of water treatment plant  
increases BD chloride and reduces crevice pH

• Blowdown chemistry not in balance during summer
• Solutions:

reduce chlorination
filter organics 
add caustic (?); balanced chemistry or ALARA?

Blowdown Chloride pHneutral pHtemperature

Winter time (3.5 ppb) 5.1 6.9

Summer time (12 ppb) 5.1 5.6



Hideout Return of NaCl
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Hideout Return

• Req ([Na] / [Cl]) > 1 means cations returning faster than 
anions

• Anion diffusion out of crevice impeded by potential gradient  
and by adsorption (sulphate)

• Req > 1 during hideout return means crevice has become 
acidic; verified experimentally 

• Req > 1 occurs under oxidizing conditions



Hideout Return – Plant Data
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• Req = [cations] / [anions] ; corrected for precipitates
• Req indicative of acidic crevices during hideout return
• Add hydrazine at beginning of HOR to prevent  

oxidizing conditions; increased SO4 and Cl return 



Effect of Startup on Crevice Chemistry
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• Startup under oxidizing conditions puts 
I800 SG tubes in pit-initiation zone if Pb is 
present; same for I690 and worse for I600



Implications for Chemistry Control
• Move beyond adherence to chemistry limits on individual 

chemistry parameters
• Chemistry control decisions based on answering the 

question; ‘Is the crevice in the “safe operating zone”?’
• What is more important; balanced chemistry or ALARA?
• Combine monitoring, analytical model and pH-ECP plot of 

“safe operating zone” to make informed decisions regarding:
− Start up chemistry; does it put the SG tubes at risk?
− Chemistry hold on startup and/or shutdown
− Hydrazine concentration
− Condenser leak search criteria
− Water treatment plant performance
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Part 3 - Chemistry Control Strategy to 
Minimize Corrosion Degradation in CANDU



Outline

• ChemAND – AECL’s chemistry monitoring, 
diagnostics and analysis system

• Minimizing Corrosion Degradation – operation 
within an optimum pH-potential zone

• Applications
− Reactor core outlet chemistry
− Steam generator crevice chemistry

• Predicting SG Crevice pH and electrochemical 
potential  - model validation tests



Synopsis of ChemAND
• AECL chemistry monitoring, diagnostics and 

analysis system for plant chemistry
• Used at Gentilly-2 since January 2002, installation 

at Wolsong-3 in progress, likely one other CANDU 
utility in near future

• Functionality
− Monitoring and trending – diagnostic tool
− Current status of all systems requiring chemistry 

control; warnings and alarms
− Reporting of performance indices
− Analytical models – interfaced with plant chemistry 

data; fouling, activity transport, chemistry in 
strategic locations to protect key assets





Optimum pH-potential zone to minimize 
corrosion degradation

• Corrosion degradation minimized by operation within an optimal range of 
pH and electrochemical potential (ECP)



CANDU Nuclear Steam Supply System



Key asset – core outlet piping
• Reactor core outlet

− Carbon steel (CS) pipes carry hot primary coolant with 
possible trace concentrations of oxidizing radiolytic

− pHa 300°C = 7.6, H2 = 3 – 10 mL/kg, steam quality < 10%
− Radiolytic O2 suppressed, but H2O2 may exit the core

• Degradation mechanisms
− Strain-induced corrosion cracking of CS

• Independent of pH, but increases with increasing ECP
− Flow-accelerated corrosion of CS

• pH dependent, and increases with decreasing ECP



CS Corrosion Degradation at Core Outlet

Hydrogen line       Dissolved deuterium 3-10 mL/kg

Higher Risk of SICC

FAC Rate Negligible

Higher Rate of FAC

ECP

pH

Low Risk of SICC



Establishing Optimum Core Outlet 
Chemistry

• pHa (pH measured in D2O)
− Determined optimum range to minimize FAC in high-

temperature loop tests to be pHa ≈ 10.2 – 10.4 at 
25°C

• ECP
− Modelling very complex; core radiolysis mode + 

FAC model that incorporates relationship with ECP
− May need to measure ECP at core outlet of power 

reactor; 0.5 s transit time ( ≈ H2O2 half-life) to 
proposed probe location

− Start with in-reactor test loop to investigate effects 
of pH  H and steam quality on ECP of Pt and CS



Key Asset – Steam Generator

• Alloy 800NG SG tubes + 410 SS support structure
• Maintain non-aggressive SG crevice regions

− Oxidants can increase ECP of SG tubing; Cu2+, O2
− Crevice pH determined by hideout of ionic impurities, 

not amine used for pH control
− Manage SG chemistry to minimize risk of pitting and 

ODSCC
• SG tubes have excellent performance record to date

− No ODSCC and only minor pitting
• Need to maintain performance for another 25 years 

for plant refurbishment – be proactive



Establishing Optimum SG Crevice 
Chemistry

• Polarization curves measured for 
free-span and crevice conditions

• Relate free-span ECP to crevice ECP
• Polarization curve determines ECP 

regions for pitting, cracking, film 
dissolution and passive behaviour for 
given crevice pH

• Crevice pH of interest determined by 
preparing concentrated mixtures of 
impurities; Na+, Ca2+, Cl-, SO4

2-

• Investigate role of silicates and lead 
on range of optimum ECP for given 
crevice pH



Optimum pH-potential zone for Alloy 800 at 
300°C

High-temperature pH in SG crevice  
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Silica inhibits the Pb-induced 
corrosion and extends the safe zone 

Safe potential zone upper limit

•Optimum ECP from –760 to -300 mV for pHT 5.6 to 8.8 in Pb-free crevice
•Optimum ECP range reduced by Pb; effect increases with decreasing pH
•ECP of Alloy 800 ≈ –600 mV for 100 ppb N2H4; lower concentration optimal, 
especially in presence of high Pb contamination.



Application to SG Chemistry Control

1. Determine SG crevice pHT

• Hideout return analysis
• Model boiler/heated crevice simulation
• Calculate from blowdown chemistry

2. Measure polarization curve of SG tube at crevice pHT to 
determine optimum ECP range at pHT

• Tube packed with deposit to introduce 
representative impurities, i.e. Pb, to test 
environment

3. Measure ECP of SG tube in AVT chemistry to optimize 
hydrazine concentration



Optimizing Crevice Chemistry

Crevice pH

Optimum
ECP

Optimum
AVT

Optimum Chemistry
to Minimize Tube

Degradation



Crevice Chemistry Model Validation

• Plant chemistry data ⇒ ChemSolv ⇒ crevice chemistry
• ChemSolv outputs

− Crevice pHT and ECP
− Crevice ppt. and hideout inventory
− Concentration rate in crevice ⇒ optimize chemistry holds

• Validation of ChemSolv in progress
− AECL heated crevice tests at CRL
− ISG-TIP-3 model boiler tests at ANL

• Collaboration involving AECL, COG, EPRI, ANL and US 
NRC

• Validation of crevice thermal-hydraulic and chemistry 
codes



CRL Heated Crevice Apparatus for 
ChemSolv Validation

Sampling Line

Crevice
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Crevice
Heater

Bulk 
pH Probe

Crevice 
pH probe

Reference 
Electrodes

Feed



Crevice chemistry validation test data
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Preliminary Validation Results
Specie Feed Solution 

(mg/kg) 
Hideout Concentration after 24 hours 

  Measured (mg/kg) Predicted (mg/kg) 
Na+ 1.0 592 612 
Cl- 1.5 1110 942 
Na+ 3.2 702 791 

SO4
2- 8.5 2,140 2,066 

 
• Good agreement between measured and predicted crevice 
concentration of soluble species

• Measured hideout rate of anions appears greater than hideout 
rate of cations; consistent with laboratory hideout return results
and potential gradient between bulk and crevice

•In tests with complex mixtures, including Ca and Mg, MgSO4
ppt not predicted by thermodynamic database; adsorption?



Summary

• ChemAND providing effective monitoring, diagnostic 
and analysis capability at CANDU nuclear plants

• Operation within optimum pH-potential (ECP) zones 
used to minimize materials degradation of key 
assets

• Interface plant data with model to predict pH-ECP 
of locations that cannot be sampled, e.g., SG 
crevice

• Model validation of SG chemistry model in 
progress
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Presentation Outline

• Chemistry information system CHEMIS
• Semi-expert system (submodule) ALREPO

– Special features of VVERs water chemistry control
– ALREPO Submodule objectives
– Experimental background – IX resins equilibria
– Main algorithms

• technology aspects
• water chemistry changes

– Submodule utilization
• Future work
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Chemistry information system CHEMIS
• Collection, evaluation (alarming) and 

presentation of water chemistry data at an
unit

• At a NPP includes:
– Primary circuit
– Secondary circuit
– Cooling water
– Technical water
– Water treatment
– Effluents
– Others (oils, etc.)
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Chemistry information system CHEMIS (2)

• Data collection:
– On-line monitoring (eg. boric acid, DH2, DO2)
– Analysis of grab samples (eg. NH3, K, SiO2, Cl, F)
– Calculated values (pH @ 300°C)

• Data presentation:
– Actual chemistry value
– Time history period
– Protocols
– Graphs, trends
– Evaluation with respect to action levels (alarming)
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Semi-expert system ALREPO
• Objectives / Tasks

– Primary water chemistry control
• Control of optimum pH300 through alkality concentration
• Dissolved hydrogen concentration through ammonia 

concentration
• Main operational situations and operations taking

into account:
– Ammonia dosing
– KOH dosing into
– Pure condensate dosing into
– Boron concentrate dosing into
– Switch-on of new cation resin bed
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Semi-expert system ALREPO (2)

• Two types of information:
– Information window
– Dialogue window

• Information window
– System respond to parameters changes –

information about a new stable state of the system
• Dialogue window

– Reachnig a desired state through a correction 
measures (optimum pH, optimum DH2)
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Semi-expert system ALREPO (3)
• Key factor for the VVER primary water chemistry 

control is NH4
+/K+ behaviour at cation exchange resin 

beds
• Laboratory tests to determine NH4

+/K+ equilibria on 
the cation resin
– Wide experimental matrix (H3BO3, K, Li, Na, NH3) – approx. 80 

experimental runs
– Ion resin column of 3 ml (AMBERLITE IRN 77L)
– Column flow rate 1 ml/min, temperature 50°C
– Initial resin capacity 2,02 mval/ml (salt splitting test)
– Equilibria reached when inlet and outlet concentration were 

equal
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Semi-expert system ALREPO (4)
A typical result of the cation resin equilibria laboratory tests
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Semi-expert system ALREPO (5)
A typical result of the cation resin equilibria laboratory tests
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Semi-expert system ALREPO (6)
• Dialogue windows:

– Application of correction measures in case of 
chemistry parameters deviation

– Optimum pH300 7,0-7,2 (for Temelín VVER-1000)
• KOH dosing (amount & time duration calculated)
• Switching-on of cation resin bed in H+-form

– Optimum DH2 25-50 Nml/kg (Temelín VVER-1000)
• Important: DH2 dependance on NH3 from the unit data
• NH3 dosing (amount& time duration calculated)
• Pure condensate dosing (amount & time duration calculated)

– Algorithms development for each operational situation
– Mathematical description (solution of diff. equations)
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Semi-expert system ALREPO (7)
Boron-potassium control at primary circuit of VVER-1000
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Semi-expert system ALREPO (8)
Hydrogen concentration as a function of ammonia concentration

y = 35,313Ln(x) - 49,077
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Semi-expert system ALREPO (9)
• Information windows:

– System respond to chemistry parameter or technology changes
• A change of NH3 concentration
• A change of K concentration
• A change of DH2 concentration
• A change of H3BO3 concentration
• Switch-on of a branch with not used cation resin bed

• System calculates:
– pHT value
– Target concentration of chemical
– New equilibria on cation resin
– Determination of a dosed chemical amount and dosing time
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Future work
• Implementation of the ALREPO submodule into the 

CHEMIS information system at Temelín units (is being 
performed)

• Improvement of the laboratory obtained cation resins 
equilibria basing on real unit data

• Modification of hydrogen versus ammonia 
concentration curve for each Temelín unit

• Improvement of the ALREPO algorithms with respect 
to the Temelín chemistry staff experience and needs
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Presentation layout

• Introduction
• Hot functional tests (HFT)
• Operational experience during HFT

– Technological aspects
– Water chemistry

• Corrosion film investigation
• Radiation situation
• Conclusions
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Introduction

• 4 units commissioning
– 2 units in NPP Mochovce (VVER-440), Slovakia
– 2 units in NPP Temelín (VVER-1000), Czech Rep.

• Controlled water chemistry during hot 
functional tests

• A protective passive film development
• Radioactivity build-up minimization
• Corrosion process surveillance samples
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Main principles of water chemistry control during 
HFT

• Hydrazine is added into make-up water at temperature above 60°C to 
reduce dissolved oxygen (only stoichiometric amount to avoid its 
surplus in the coolant and ammonia formation)

• Ammonia dosing is not recommended (Surface pre-conditioning in 
presence of hydrazine and ammonia results in formation of thick, 
porous, low-compact layer with higher corrosion release and Co60 pick-
up [1])

• Coolant pH is adjusted by KOH dosing (pH300 = 6.9-7.5)
• KOH dosing starts at 170°C to promote the Schikorr reaction

3Fe(OH)2 Fe3O4 + 2H2O + H2
• Reduction conditions are adjusted by very low oxygen and hydrogen 

produced by corrosion reaction of structure material with the coolant
• Purification should be continuosly in operation at maximum flow rate to 

remove corrosion products circulated in the coolant

[1] Ocken H., Surface treatment to reduce radiation fields; Test loop studies and plant demonstration, EPRI 
report NP-5209-SR, April 1988
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Parameter Limit Note
pH @ 25°C 5.6-7.5 Before KOH dosing
pH @ 25°C 9-10.5 After KOH dosing
pH @ 300°C (calc.) 6.9-7.5 After KOH dosing
Cl- & F-, ppm <0.1
K+, ppm 2-5 After KOH dosing
O2, ppm <0.02 At >120°C
SiO2, ppm <0.2
Suspended solids, ppm <0.2
H2, Nml/kg 2-5 Expected level

Water chemistry specification for period of HFT
of VVER-440 and VVER-1000 units



 

Nuclear Research Institute Řež plc
 

 

Nuclear Research Institute Řež plc

12.3.2006 20
Autor: Milan Zmítko

Duration and main technological parameters of HFT

Parameter EMO-1 EMO-2 ETE-1 ETE-2
Time period 13.-19.2.98 17.-28.7.99 1.-14.3.00 23.10.-2.11.01

HFT duration at 
temperature, hrs

140 260 320 240

Temperature, °C 255-265 258-265 280-285 275-295

Pressure, MPa 12.2-12.3 12.2-12.3 15.5-15.7 15.5-15.7

Purification 
system 
characteristics

Ion exchange resins; 
coolant flow rate 25-38 

m3/h

High-temp. mechanical 
filtration 240-280 m3/h;

ion exchange resins 15-25 
m3/h

Mode of the 
purification 
system operation

Not 
continually 
46 hours

Whole HFT Whole HFT Whole HFT
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Primary coolant temperature during HFT
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Water chemistry parameters during stable operation 
conditions of HFT

Parameter EMO-1 EMO-2 ETE-1 ETE-2
pH @ 25°C 9.5-10.5 9.5-10 9-10.9 9.3-10.2

K+, ppm 6.0 ± 3.5
Range 1-12

3.6 ± 1.4
Range 2-7

4.6 ± 4.6
Range 1-20

4.1 ± 1.8
Range 2-8

H2, Nml/kg 3.2 ± 2.3
Beg. 3-7
End. 1-2

2.0 ± 1.1
Range 1-4

12.2 ± 5.1
Beg. 10-20
End. 5-12

5.6 ± 2.3
Range 5-8

O2, ppb <10 3-9 1-2 2-4
NH4, ppm 0.2-2 0.5-4 0.05-0.4 <0.1

SiO2, ppm <0.02 n.a. 0.05-1 0.1-2
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Comparison of potassium concentration in the coolant 
measured during HFT
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Comparison of dissolved hydrogen concentration in the 
primary coolant measured during HFT
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Concentration of CP in the primary coolant measured 
during HFT stable operation

EMO-1 EMO-2 ETE-1 ETE-2
Fetotal, ppb 20-800* 30-80* 2-30 2-25
Fesoluble, ppb 0.55** 3-7* 0.4-2.8 1.5-7
Nitotal, ppb 2-20* 0.8-3* 0.01-0.6 0.09-0.6
Nisoluble, ppb <0.15** 0.4-0.8* <0.15 <0.15
Crtotal, ppb 1-15* 0.8-7* 0.05-0.3 0.05-0.8
Mntotal, ppb 0.2-10* 0.2-7* 0.3-1.0 0.3-1.3
Mnsoluble, ppb 0.04** n.a. 0.07-0.7 0.2-0.9
Cototal, ppb 1-3* 0.08-0.4* 0.001-0.017 0.004-0.018

Cosoluble, ppb 0.013** 0.04-0.12* <0.03 <0.02
Note: total CP by ICP-MS; soluble CP by ion chromatography

* - AAS measurements
** - only one sample taken at the end of passivation stage
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Typical top view of corrosion layer covering 
coupons exposed during HFT
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Typical cross section view of corrosion layer 
formed on coupons during HFT

Base material

Passive film

Loose crud
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Characteristics of corrosion film formed on primary
system surfaces during HFT

EMO-1 EMO-2 ETE-1 ETE-2

Total thickness of 
corrosion layer

0.5-2 µm; layer not uniform in 
perimeter

2-3 µm; corrosion layer uniform 
in perimeter

Phase 
composition 
(XRD)

Not identified Two spinels, 
lattice par. 8.34 

and 8.32 Å

Two spinels,
lattice par. 8.37 

and 8.345 Å
Elemental 
composition 
(EDX)

Average comp. 
of spinel 

(Ni0.09Fe0.62Cr0.28)3O4

Average comp.
of spinel 

(Ni0.10Fe0.67Cr0.23)3O4

Average comp.
of spinel 

(Ni0.06Fe0.81Cr0.13)3O4

Average comp.
of spinel 

(Ni0.08Fe0.77Cr0.15)3O4

Thickness of 
passive layer

Less than resolution limit of 
SEM (<0.1 µm)

In range of 0.3-1 µm

Phase comp. of 
passive layer 
(XRD)

Not identified Spinel with 
lattice par.  

8.35 Å

Spinel with 
lattice par.  

8.35 Å
Elemental comp. 
of loose crud 
(EDX)

Not available Average comp. 
of spinel 

(Ni0.11Fe0.81Cr0.08)3O4

Not available
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Main characteristics of primary water chemistry regime and 
average CP concentrations in EMO-1 & EMO-2 units

Parameter EMO-1, cycle 2 EMO-2, cycle 1
pH @ 300°C 7.20 7.28
Ammonia, ppm 13.2 12.2
Dissolved hydrogen, Nml/kg 26.1 29.2
Dissolved oxygen, ppb 2.8 3.5
Fe, ppb (by AAS) 17.3 20.7
Ni, ppb (by AAS) 0.37 0.19
Cr, ppb (by AAS) 0.31 0.11
Co, ppb (by AAS) 0.42 0.17
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Standard measurement points at EMO units for in-
situ γ-spectrometry
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CP radionuclides deposited on primary piping 
(results of in-situ γ-spectrometry)

Average activity deposited on hot 
primary piping
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Comparison of Mn54 radioactivity in the primary 
coolant between EMO-1 & EMO-2 units
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Comparison of Co58 radioactivity in the primary 
coolant between EMO-1 & EMO-2 units
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Conclusions
• Operational experience demonstrated that the controlled water 

chemistry is a suitable method to form a protective passive 
layer on the primary circuit surfaces during HFT

• Quality of the passive film depends on the passivation stage 
duration, stability of technological and water chemistry 
parameters, and proper utilization of purification system

• The elemental and phase composition of the corrosion and 
passive film corresponds with current understanding of SS 
corrosion mechanisms at elevated temperatures

• Radiation situation observed in Mochovce NPP units is closely 
connected with the way how the passivation stage had been 
performed during HFT. The main reason for the worse radiation 
situation at EMO-1 was shorter passivation stage and limited 
utilization of the primary coolant purification system.
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Presentation Outline

• Introduction - background
• VVER primary water chemistry

– VVER & PWR water chemistry differences
– VVER Primary water chemistry specification adopted 

in the Czech Republic
• Operation experience in Temelín NPP

– Pre-conditioning during hot functional tests
• Technological Parameters
• Water Chemistry Parameters

– Operation experience – water chemistry, corrosion 
products transport, radioactivity build-up

• Conclusions
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Introduction

Technical basis for the need to control 
coolant chemistry in PWRs & VVERs:

• to assure primary system pressure 
boundary integrity

• to assure fuel cladding integrity

• to minimize out-of-core radiation fields
(radioactivity build-up)
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Introduction
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VVER & PWR Primary Coolant Technology (1)

Coolant alkalization to compensate boric acid effect

PWRs:
• Boron/lithium control - high temperature pHT

– coordinated / modified / elevated B/Li control strategies

VVERs:
• Boron/potassium control - high temperature pHT

– Standard water chemistry (Loviisa, Paks)
– Modified water chemistry (Dukovany, Temelín, Bohunice, 

Russia, Ukraine)
• Optimum pH300 for VVER-440 7.2±0.1
• Optimum pH300 for VVER-1000 7.1±0.1
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VVER & PWR Primary Coolant Technology (2)

Reduction conditions in the coolant to supress 
radiolytical production of oxygen:
PWRs:
• Direct hydrogen gas dosing
VVERs:
• Ammonia dosing

– Radiolytical & thermal decomposition to N2 & H2

– Hydrogen only at power operation
– Ion exchange resins in K+/NH4+ form
– Ammonia effect on radioactivity transport ?

• Hydrazine dosing (Paks, Kola)
– H2 & NH3 from hydrazine decomposition
– Higher H2 & NH3 level compare to ammonia chemistry

• Direct hydrogen gas dosing in VVERs ?
• Trend to reduce hydrogen level (to 20-25 Nml/kg)
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VVER Water Chemistry Specification (1)
Primary Water Chemistry Guidelines
• Control parameters

– are those parameters which requires strict control due to material
integrity considerations and dose rates control

– VVER: chloride, fluoride, oxygen, hydrogen, total alkalinity, sulphate,  
pH300

• Diagnostic parameters
– are those parameters which assist the chemistry staff in interpreting 

primary coolant chemistry variations, or those parameters which may 
affect corrosion performance of system materials

– VVER: boron, pH25, silica, ammonia, suspended solids, conductivity
• Action levels concept

– Action level 1: 7 days to bring parameter within appropriate limit
– Action level 2: 24 hours to bring parameter within appropriate limit
– Action level 3: unit shut-down should be initiated immediately
– Initiation level: limiting value for control parameters, correction actions
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VVER Water Chemistry Specification (2)

Control
parameters

Frequen
cy

Typical
value

Action level
1  2                     3 

Chlorides, mg/kg 3 x W <0,05 - >0,1 >1,0

Fluorides, mg/kg 3 x W <0,05 - >0,1 >1,0

Sulphates, mg/kg 3 x W <0,05 - >0,15 >1,0

Oxygen, µg/kg 3 x W1) <5 >5 >10 >100

Hydrogen, Nml/kg 3 x W1) 20-40 <20; >40 <10; >50 <5

Total alkality 
concentration (as  
potassium), mmol/kg

3 x W1) related
to pH300

- >0,5 -

pH at 300°C calculati
on

7,1-7,33)

7,0-7,24)
<7,1;>7,33

<7,0;>7,24
<6,9; 

>7,53,4)
-

Reactor Power Operation – Control Parameters
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Water Chemistry Specification (3)
Potassium/Boron control for Standard and Modified 

water chemistry regime of VVER-440
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Comparison of Standard and Modified 
Chemistry
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Water Chemistry Specification (4)

Diagnostic parameters Sampling
frequency

Typical value

pH at 25 °C 1 x D 5,7-10,2

Conductivity, µS/cm 1 x D 25-125

Boric acid, g/kg 1 x D As required for 
reactivity control

Ammonia, mg/kg 1 x D >5

Suspended solids, 
mg/kg

1 x W <0,1

Silica (SiO2), mg/kg 1 x W <1,0

Reactor power operation – diagnostic parameters
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VVER Water Chemistry Specification (5)
Reactor Start-up (regimes 2,3,4) – Control & Diagnostic Parameters

Control
parameters

Frequency Typical
value

Values prior criticality Initiation level

Chlorides, mg/kg As in plant
monitoring plan

<0,05 <0,1 >0,1

Fluorides, mg/kg As in plant
monitoring plan <0,05 <0,1 >0,1

Oxygen, µg/kg As in plant
monitoring plan <10 <10 >100

Diagnostic parameters Sampling frequency Typical value

pH at 25°C As in plant monitoring plan >4,3

Ammonia, ppm As in plant monitoring plan >20(before criticality)

Total alkality (as potassium), 
mmol/kg

As in plant monitoring plan 0,01-0,035(before criticality)

Boric acid, g/kg As in plant monitoring plan As for reactivity control

Suspended solids, mg/kg As in plant monitoring plan <0,2
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VVER Water Chemistry Specification (6)
Reactor Shut-down (regimes 5,6,7) – Control & Diagnostic Parameters

Control parameters Sampling frequency Typical value Initiation level

Chlorides, mg/kg As in plant monitoring plan <0,1 >0,15

Fluorides, mg/kg dtto <0,1 >0,15

Oxygen, µg/kg dtto <10(after hydrazine dosing) >100(after hydrazine dosing)

Hydrogen, Nml/kg dtto <2(at unit shut-down) >5(at unit shut-down)

Diagnostic parameters Sampling frequency Typical value

pH at 25°C As in plant monitoring plan >4,3

Boric acid, g/kg dtto As required for shut-down

Clearness, % dtto >95(at refuelling)

Hydrazine, mg/kg dtto 15-20(at unit start-up)
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NPP Temelín Experience
• NPP Temelín - 2 units of VVER-1000
• Commissionning in 2000-2002
• Passivation of inner surfaces during hot functional tests by 

mean of controlled water chemistry
• „Surveillance“ corrosion specimens exposed during HFT and 

subsequently removed and analyzed
• Protective layer development to reduce radioactivity build-up
• Currently both units in operation:

– Unit 1: 1st cycle completed, 2nd cycle completed
– Unit 2: 1st cycle completed

• Boron / Potassium control – modified water chemistry adopted
• Optimum pH300 in range 7.0-7.2
• Ammonia dosing for dissolved hydrogen control; trend to lower 

hydrogen concentration 15-25 Nml/kg
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Main principles of water chemistry control 
during HFT

• Hydrazine is added into make-up water at temperature above 60°C to 
reduce dissolved oxygen (only stoichiometric amount to avoid its 
surplus in the coolant and ammonia formation)

• Ammonia dosing is not recommended (Surface pre-conditioning in 
presence of hydrazine and ammonia results in formation of thick, 
porous, low-compact layer with higher corrosion release and Co60 pick-
up [1])

• Coolant pH is adjusted by KOH dosing (pH300 = 6.9-7.5)
• KOH dosing starts at 170°C to promote the Schikorr reaction

3Fe(OH)2 Fe3O4 + 2H2O + H2
• Reduction conditions are adjusted by very low oxygen and hydrogen 

produced by corrosion reaction of structure material with the coolant
• Purification should be continuosly in operation at maximum flow rate to 

remove corrosion products circulated in the coolant
• Controlled water chemistry applied at Mochovce-1,2 and Temelín-1,2 

units – possibility of comparison

[1] Ocken H., Surface treatment to reduce radiation fields; Test loop studies and plant demonstration, EPRI 
report NP-5209-SR, April 1988
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Duration and main technological parameters of HFT

Parameter EMO-1 EMO-2 ETE-1 ETE-2
Time period 13.-19.2.98 17.-28.7.99 1.-14.3.00 23.10.-2.11.01

HFT duration at 
temperature, hrs

140 260 320 240

Temperature, °C 255-265 258-265 280-285 275-295

Pressure, MPa 12.2-12.3 12.2-12.3 15.5-15.7 15.5-15.7

Purification 
system 
characteristics

Ion exchange resins; 
coolant flow rate 25-38 

m3/h

High-temp. mechanical 
filtration 240-280 m3/h;

ion exchange resins 15-25 
m3/h

Mode of the 
purification 
system operation

Not 
continually 
46 hours

Whole HFT Whole HFT Whole HFT
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Primary coolant temperature during HFT
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Water chemistry parameters during stable operation 
conditions of HFT

Parameter EMO-1 EMO-2 ETE-1 ETE-2
pH @ 25°C 9.5-10.5 9.5-10 9-10.9 9.3-10.2

K+, ppm 6.0 ± 3.5
Range 1-12

3.6 ± 1.4
Range 2-7

4.6 ± 4.6
Range 1-20

4.1 ± 1.8
Range 2-8

H2, Nml/kg 3.2 ± 2.3
Beg. 3-7
End. 1-2

2.0 ± 1.1
Range 1-4

12.2 ± 5.1
Beg. 10-20
End. 5-12

5.6 ± 2.3
Range 5-8

O2, ppb <10 3-9 1-2 2-4
NH4, ppm 0.2-2 0.5-4 0.05-0.4 <0.1

SiO2, ppm <0.02 n.a. 0.05-1 0.1-2
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Comparison of potassium concentration in the coolant 
measured during HFT
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Comparison of dissolved hydrogen concentration in the 
primary coolant measured during HFT
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Concentration of CP in the primary coolant measured 
during HFT stable operation

EMO-1 EMO-2 ETE-1 ETE-2
Fetotal, ppb 20-800* 30-80* 2-30 2-25
Fesoluble, ppb 0.55** 3-7* 0.4-2.8 1.5-7
Nitotal, ppb 2-20* 0.8-3* 0.01-0.6 0.09-0.6
Nisoluble, ppb <0.15** 0.4-0.8* <0.15 <0.15
Crtotal, ppb 1-15* 0.8-7* 0.05-0.3 0.05-0.8
Mntotal, ppb 0.2-10* 0.2-7* 0.3-1.0 0.3-1.3
Mnsoluble, ppb 0.04** n.a. 0.07-0.7 0.2-0.9
Cototal, ppb 1-3* 0.08-0.4* 0.001-0.017 0.004-0.018

Cosoluble, ppb 0.013** 0.04-0.12* <0.03 <0.02
Note: total CP by ICP-MS; soluble CP by ion chromatography

* - AAS measurements
** - only one sample taken at the end of passivation stage
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Typical top view of corrosion layer covering 
coupons exposed during HFT
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Typical cross section view of corrosion layer 
formed on coupons during HFT

Base material

Passive film

Loose crud
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Characteristics of corrosion film formed on 
primary system surfaces during HFT

EMO-1 EMO-2 ETE-1 ETE-2

Total thickness of 
corrosion layer

0.5-2 µm; layer not uniform in 
perimeter

2-3 µm; corrosion layer uniform 
in perimeter

Phase 
composition 
(XRD)

Not identified Two spinels, 
lattice par. 8.34 

and 8.32 Å

Two spinels,
lattice par. 8.37 

and 8.345 Å
Elemental 
composition 
(EDX)

Average comp. 
of spinel 

(Ni0.09Fe0.62Cr0.28)3O4

Average comp.
of spinel 

(Ni0.10Fe0.67Cr0.23)3O4

Average comp.
of spinel 

(Ni0.06Fe0.81Cr0.13)3O4

Average comp.
of spinel 

(Ni0.08Fe0.77Cr0.15)3O4

Thickness of 
passive layer

Less than resolution limit of 
SEM (<0.1 µm)

In range of 0.3-1 µm

Phase comp. of 
passive layer 
(XRD)

Not identified Spinel with 
lattice par.  

8.35 Å

Spinel with 
lattice par.  

8.35 Å
Elemental comp. 
of loose crud 
(EDX)

Not available Average comp. 
of spinel 

(Ni0.11Fe0.81Cr0.08)3O4

Not available
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NPP Temelín operation experience (1)

ETE-1 hydrogen and oxygen concentration in the primary coolant
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NPP Temelín operation experience (2)
K, Na, Li concentration in the primary coolant

during commissionning and 1st cycle

ETE-1 K, Na, Li concentration in the coolant
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NPP Temelín operation experience (3)
Ammonia and hydrogen concentration in the primary coolant

during commissionning and 1st cycle

ETE-1 concentration of ammonia and hydrogen in the coolant
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NPP Temelín operation experience (4)

ETE-1 pH300 and pH25 values

6,5

6,6

6,7

6,8

6,9

7

7,1

7,2

7,3

15.3.00 0:00 1.10.00 0:00 19.4.01 0:00 5.11.01 0:00 24.5.02 0:00 10.12.02 0:00 28.6.03 0:00 14.1.04 0:00

pH
30

0

4

5

6

7

8

9

10

pH
25

1YC020: pH300 {pH300}
1YC020: pH25 {pH}

pH300 and pH25 values of the primary coolant during
commissionning and 1st cycle



 

Nuclear Research Institute Řež plc
 

 

Nuclear Research Institute Řež plc

12.3.2006 63
Autor: Milan Zmítko

NPP Temelín operation experience (5)

ETE-1 Surface activities measured by in-situ gammaspectrometry
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Results of in-situ gammaspectrometry after 1st cycle ETE-1
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NPP Temelín operation experience (6)
Results of in-situ gammaspectrometry after 1st cycle ETE-1

Mn-54 & Co-58 activity in different primary loops
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NPP Temelín operation experience (7)

Porovnání plošných aktivit na horké větvi potrubí I.O
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NPP Temelín operation experience (8)
Comparison of ETE & EDU surface activities on cold primary piping

Porovnání plošných aktivit na studené větvi potrubí I.O

0,1

1

10

100

1000

Cr-51 Mn-54 Co-58 Fe-59 Co-60 Nb-95 Zr-95 Ag-110m Sb-122 Sb-124

P
lo

šn
á 

ak
tiv

ita
, k

Bq
/c

m
2

EDU-1 1996

EDU-1 1997

EDU-1 1998
EDU-1 1999

EDU-1 2000

EDU-2 1996

EDU-2 1997
EDU-2 1998

EDU-2 1999

EDU-2 2000

EDU-3 1996
EDU-3 1997

EDU-3 1998

EDU-3 1999

EDU-3 2000

EDU-4 1996
EDU-4 1997

EDU-4 1998

EDU-4 1999

EDU-4 2000
ETE-1 2003 za HCČ

ETE-1 2003 před HCČ



 

Nuclear Research Institute Řež plc
 

 

Nuclear Research Institute Řež plc

12.3.2006 67
Autor: Milan Zmítko

NPP Temelín operation experience (9)
Comparison of ETE & EMO surface activities on the primary piping
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NPP Temelín operation experience (10)

Porovnání plošné aktivity v horké a studené větvi potrubí I.O s reaktory PWR
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NPP Temelín operation experience (11)
Mn54 coolant activity comparison (EMO & ETE)
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NPP Temelín operation experience (12)

Co58 coolant activity
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NPP Temelín operation experience (13) 
Fe concentration in soluble and insoluble forms in the primary 

coolant of Temelín units
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NPP Temelín operation experience (14) 
Nickel concentration in soluble and insoluble forms in the primary 

coolant of Temelín units
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NPP Temelín operation experience (15)

• Operational experience demonstrated that the controlled 
water chemistry is a suitable method to form a protective 
passive layer on the primary circuit surfaces during HFT

• Quality of the passive film depends on the passivation 
stage duration, stability of technological and water 
chemistry parameters, and proper utilization of 
purification system

• Water chemistry parameters during the 1st cycle were 
within specified ranges.

• Radiation situation observed in Temelín NPP after the 1st 
cycle meets expectations and is comparable with other 
VVER units.  Exception is As-76 & Sb-122 – impurity, 
source ?
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DAWAC needs for Indian DAWAC needs for Indian PHWRsPHWRs

Water chemistry specifications 
formulated based on ALARA principles

Keep radiation fields in PHT system low
corrosion loss low (FAC), 
SG tube integrity high

Uniform method of monitoring of  water 
chemistry parameters

Ease of interplant comparison

12 - PHWRs
Primary Heat transport system
Moderator system

2 BWRs
Primary coolant system
IGSCC concern
SG tube integrity, 
Channel head radiation field
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Water chemistry and CRPs in IAEA

1981-1986 CRP on CCI
Reactor Operation

• Performance
• Fuel utilisation
• Flexibility in operation
• Reliability
• Safety

1987-1991 CRP on WACOLIN
Manual on water chemistry
Coolant chemistry

• Fuel
• Structural material 
• Activity build up and corrosion

1995-2000 CRP on WACOL
High T monitoring technology

• pHT, ECP, Conductivity
• real time data, reliability,
• accuracy
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Indian PHWRs

Units Power
(MWe)
Design

Power
(MWe)
actual

RAPS 1
RAPS 2

220
220

170
180

MAPS 1
MAPS 2

220
220

180
180

NAPS 1
NAPS 2

235
235

220
220

KAPS 1
KAPS 2

235
235

220
220

KGS 1
KGS 2

235
235

220
220

RAPS 3
RAPS 4

235
235

220
220
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Plant specific information

Parameter Value 
 

Pressure 85 ± 1 Kg/cm2 
Temperature 248.9 C (Inlet),   

293.4 C (outlet) 
Volume of main 
coolant circuit 

52.76 m3 

 
 

 

Operating conditions of 
PHT system
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Materials of construction in PHT
Components Materials Reactor Name 

 
Zircaloy  RAPS-1, MAPS 1&2, NAPS Coolant tubes  
Zircaloy-Nb 2.5% KAPS, KGS,  

RAPS 3&4, RAPS-2 

Zircaloy RAPS-1, MAPS 1&2, KAPS, 
NAPS 

Fuel cladding 

Zircaloy – 4 KGS, RAPS 3&4 
Monel –400 RAPS 1&2, MAPS 1&2 SG tube  
Incoloy-800 NAPS, KAPS, KGS,  

RAPS- 3&4 
Reactor headers, 
 

CS (ASTM A-106) 
Grade-B  

RAPS 1&2, MAPS 1&2, NAPS, 
KAPS, KGS, RAPS 3&4 

CS (ASTM A-106) 
Grade-B  

RAPS 1&2, MAPS 1&2, NAPS, 
KAPS 

Feeder pipes and associate 
out of core piping 

CS (ASTM-A-333 Gr.-6) KGS, RAPS 3&4 
End fittings SS-403  RAPS 1&2, MAPS 1&2, NAPS, 

KAPS, KGS, RAPS 3&4 
Shield plug linear tube SS-410 RAPS 1&2, MAPS 1&2, NAPS, 

KAPS, KGS, RAPS 3&4 
Pump casing  & Valve 
body 

SS-304  RAPS 1&2, MAPS 1&2, NAPS, 
KAPS, KGS, RAPS 3&4 

Garter spring  
 

Zr-Nb(2.5%)–Cu(0.5%) 
alloy 

NAPS, KGS 

Bleed cooler, Reflex 
cooler, Reg.HX: Tubes 

Incoloy – 800 KGS 

Bleed cooler, Reflex 
cooler, Reg.HX:  Shell side 

Carbon steel KGS 
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Moderator system Materials

Components Materials Reactor Name 
 

Vessel SS-304  RAPS 1&2, MAPS 1&2, 
NAPS, 
KAPS, KGS, RAPS 3&4 

Calandria tubes Zircaloy - 2 RAPS 1&2, MAPS 1&2, 
NAPS, 
KAPS, KGS, RAPS 3&4 

Cupro Nickel RAPS 1, MAPS, NAPS Heat Exchanger 
SS-316L KAPS, KGS, RAPPS 2, 

3&4 
 

Plant specific information
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Moderator operating conditions

Moderator
system

Parameter Comment

HX Outlet T
65 C (max
permissible)

HX Inlet T 43.5 C  (min
permissible)

Normal
Full power
condition

Maximum
moderator

98.6 % of
moderator tank full

Low level
operation

~ 10% of full
power

<80% of full height
for moderator level

Tripped (dumped)
condition-

Below the
minimum critical
level

< 34.5% of
moderator level in
calandria.

Full level
operation without
dump

Shutoff rods

Plant specific information
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Control Parameters - PHWR PHT system

Action LevelsParameter /
Frequency

NRV

AL #1 AL #2 AL #3

pHa at 25C
Once / day

> 10.2 to
< 10.5

10.2 – 10.0
10.5 – 10.6

(240h)

< 10.0 – 9.0
> 10.6 – 10.8

(48h)

< 9.0
> 10.8
S/D

Chloride
(mg/lit)
Once / week

< 0.3 ≥0.3
(240 h)

≥ 1.0
(72h)

≥ 1.5
S/D

DO (μg/lit)
Thrice / week

< 10 ≥ 10
(240h)

≥ 20
(48h)

≥ 100
S/D

Crud (mg/lit)
Once / week

< 0.05 ≥ 0.05
(72h)

≥ 0.1
(24h)

≥ 0.5
S/D

I – 131
(μCi/lit) Once
/ week

< 25 ≥ 25
(240h)

> 50
(72h)

> 100$

S/D

Regulatory Needs
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Parameter /
Constituent

Sampling
Frequency

NRV Remarks

Sp.Cond.
(25C) (μS/cm)

3 / wk < 30 Li and ionic
impurities decide the
value.

Lithium
(mg/lit)

1 / wk 0.5 – 1.5 For pH
maintainance

Ammonia
(mg/lit)

1 / wk < 0.5 To control attack on
Cu bearing alloys.

Nitrate (mg/lit) 1 /  2wks < 1.0 Monitor formation
of nitrogen oxides
by radiolysis.

Diss.D2 (ml/ lit
of D2O)

1 / wk 2 – 10 To supress
radiolysis. High
dissolved D2 can
lead to hydriding of
zircaloy.

TD. Gases
(ml/lit of D2O)

1 / wk < 50 High concentration
of dissolved gases
could lead to pump
cavitation.

Deuterium in
PHT cover gas

1 /d < 4
< 6

D2 / O2 <= 2
D2 / O2  >  2

Regulatory Needs contd…
Diagnostic parameters - PHT/ PHWR
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Parameter / 
Freq

NRV Action levels

AL#1 AL #2 AL #3

Sp.cond.(25C) 
(μS/cm)
on line or
1 / wk by grab

<1.0 >1.0
(72 h)

>2.0
(24 h)

>3.0
(S/D)

Chloride
(mg/lit)
1 / wk

< 0.2 >0.2
(240 h)

> 0.3
(72 h)

>1
S/D

D2  (% V/V)
on line GC or
1 / d by grab

< 2
D2 / O2 <
2

>2
(96 h)

> 3
(48 h)

> 4
S/D *

< 2.5
D2 / O2 > 
2

>2.5
(96 h)

> 4
(48 h)

> 8
S/D

Oxygen (% 
V/V)
on line GC or
1 / d by grab

< 1.0
D2 / O2 <
2

>1.0
(96 h)

> 1.5
(48 h)

>2
S/D
(with 4% D2)

Regulatory Needs contd…
Control parameters – Mod.Sys/ PHWR
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Regulatory Needs contd…
Diagnostic parameters – Mod.Sys/ PHWR

Parameter / 
Freq

NRV Remarks

Isotopic purity
(% w / w D2O
1/WK

>99.75 For better n-
economy

pH at 25oC
1/WK

5.5 - 8.0 High pH reduces 
the Boron removal 
efficiency

Nitrate (mg / lit)
1/2WK

< 0.5 Build up of nitrate 
enhances 
radiolysis of 
moderator

Boron (mg / lit)
1/WK

(1) To suppress 
excess reactivity.

Nitrogen in cover gas 
(% v /v)
On-line or
Grab 1/d

< 4 Build up of N2 
enhances production 
of oxides of nitrogen 
in  cover gas and 
consequently HNO3 
in moderator heavy 
water
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Reactor status defines conditions of 
study

Start Up (SU)
T,P, Ht.Tr. Conditions are changing
Attention of operator !?
Likely to err !

Steady State (SS)
Downward trend to meet PLEX

Transients (TR)
Dynamically linked to SS
Frequency of measurement
Analytical sensitivity

Shut Down (SD)
SD+SU lead to excessive accumulation 
of corrosion products
deterioration of chemistry in SS
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Our Lab’s Programme

Establishment of Universal DATA 
BASE for PHWRs in INDIA

Reactor
System
Parameter
Off-line & On-line data

Validation
Data validity & reliability
Plausibility
Regulatory compliance
compatibility to related parameters
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Our Lab’s Programme contd..

Data Storage - retrieval
Trending - prediction
corrective action - suggestion
Auto - corrective action ?
Plant life Extension 

Moderator system data
Data under Shut down 
conditions

Quantification of effects of 
Chemistry Deviation

time allowed variation
extent of damage to system
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pHT, ECP, k monitored on-line at the 
system temperature

probes obtained
model system ready
normal & off-normal conditions to be 
studied with special reference to 
transients

relative importance, urgency, 
consequences

Operator’s ability to differentiate small 
changes in different critical parameters

link between observed phenomena & 
underlying processes

Quantify the connection between deviation 
in parameter & activity transport or IGSCC 
initiation
small& Large deviations short/ long
durations

Our Lab’s Programme contd..
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HIGH TEMPERATURE LOOP
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PVA/H3PO4

Pd thin film                     Pd  thin film
( Ar/H2 )                          (Air)

H2 → 2 H+ + 2 e-1 2H+ + 2e-1 + ½ O2→ H2O

The Sensor Is an amperometric one based on Proton 
Conducting Solid Electrolyte PVA/ H3PO4. Palladium 
Thin Film Electrodes are used In the sensor which 
functions In Fuel Cell Mode.The Anodic OXIDATON Of 
HYDOGEN Is DIFFUSON Controlled And The Sensor 
Responds linearly to Hydrogen CONCENTRATON On 
The Sensing Side.

Polymer Electrolyte based 
Hydrogen Sensor

Advantages
Measured parameter – Short circuit current
Compact & Cost effective
Operable at room temperature
Sensitive to ppm level
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H2 2H+ + 2e-

2H+ + 2e- + ½ O2 H2O

SAMPLE GAS OUT

ANODE COMPARTMENT

CATHODE COMPARTMENT

SENSING ELECTRODE
(Pd THIN FILM)

COUNTER ELECRODE
(Pd THIN FILM)

POLYMER 
ELECTRODE 
MEMBRANE

AIR IN AIR OUT

CATHODE 
LEAD

ANODE 
LEAD

SAMPLE GAS IN

HYDROGEN SENSOR –
THE CELL CONFIGURATION
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Response curves of the sensor for various conc. of 
H2 /Ar
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Rule BASE - PHT Control parameters

System Cause 
 .pH (PHT)  
 
   < 9.0 

Removal of Li on IX,  

 Ingress of H+, 
 Regenerant acid, 
 Carbonic acid 
 Boric acid, 
.pH (PHT)  
  
  > 10.8 

Ingress of OH-,  

 LiOH added 
 Regenerant alkali, 
 Carbonates, 
 NH3 ingress 
 Li+ from IX bed 
Cl (PHT),  
> 1.5 mg/lit 

Ingress of NaCl,  

 HCl, or 
 ion exchange beads, 
DO (PHT)  
 > 0.1 mg/lit 

Air ingress, 

 Excessive radiolysis 
 O2 in Nitrogen  St.Tk cover gas 
 Water addition, 
Crud (PHT)  
> 0.5 mg/lit 

DH variation, 
DO variation, Temperature 
shock 
pH shock 
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Rule BASE - PHT 
Diagnostic parameters

System Cause
Ingress/ Generation of Ionic impurities
Na+ < 20 ppb
NH4

+ < 100 ppb
Cl- < 100 ppb
Acetate < 200 ppb
SO4 2- < 200 ppb
H+ < 1e-5 M
NO3

- < 100 ppb

Sp. Cond (PHT)
< 30 uS/cm

OH- < 1e-5 M
Li (PHT),
0.5-1.5 mg/lit

Release from IX

NH3 (PHT),
<0.5 mg/lit

Radiolysis N+H reaction
Ingress hydrazine

NO3 (PHT), <1.0
mg/lit

Ingress of nitrogen, Radiolytic reaction of
N+O

DH (PHT),
2-10 ml/kg

Excess injection,
Radiolysis

TD gases  (CG,
PHT),
< 50 ml/kg

Ingress of air
Radiolysis

D2 in  (CG,PHT),
< 6%

Radiolysis

PHT, I-131
(PHT)
>100 uCi/lit

Fuel failure,
DNM readings
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Rule BASE - Mod. System
Param eter /  
Threshold value 

Reason Consequence

Ingress/ 
Generation of  
Na+ 
NH 4

+, 
C l-, 
acetate, 
SO 4 2-, 
H +, 
NO 3

-, 
OH -, 

Sp.cond (M S) 
 
>  1 uS/cm  

 

Radiolytic 
decom position 

Ingress of  
NaC l,  
HC l, or 
ion exchange 
beads, 

Chloride (M S)  
 
>  0.2 ppm  

 

Radiolytic 
decom position 

D 2 (CG ,M S) > 4%  Radiolysis Radiolytic 
decom position 

A ir ingress, 
Radiolysis 

O 2 (CG ,M S) > 2%  

 

 

PH  (M S) 5.5-8.0 Nitric acid 
generation due to 
N  in cover gas 

 

N O 3 (M S)  
<  0.5 ppm  

Air ingress in cover 
gas 

 

Boron (M S) Valving in B  
rem oval bed 

 

N 2 (CG ,M S)  
<  4 %  

Air ingress  
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Conclusion

Response of pHT, specific 
conductivity and ECP sensors for the 
parameters in reactors conditions 
and for the fluctuations in 
parameters within permitted action 
levels. - to be studied in model loop
Data acquisition from the above as 
well as off-line data to be carried out 
in Expert system software
Devising rule base for diagnostics
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DAWAC

Plant Data

Regulatory 
needs

Plant specific 
information

Data acquisition 
system

Plausibility 
Checks

Models and 
Databases

Diagnosis 
Module

Algorithms and 
calculations

WACOLIN

Data Processing Technologies for 
Water Chemistry and corrosion 
control in Nuclear Power Plants
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Present statusPresent status

Regulatory needs (3 – 13)

Data storage and retrieval ( 14 – 15 )

Diagnosis module development (16 – 18 +)

Transient studies (19 – 20 +)
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PHWR Chemistry RegimePHWR Chemistry Regime
Primary Heat Transport System
Moderator System
Secondary Steam Generator System

System chemistry Quite Simple

Few On-line Instrumentation
– pH and specific conductivity measure on-line
– No high temperature chemistry 

Instrumentation
– Grab sample analysis quite infrequent
– Heavy water leaks and handling losses
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Chemical Control SpecificationsChemical Control Specifications
Reactor Life increase, Efficient power production

Good fuel cladding integrity 
Minimum radiation field build- up on out-of-core surfaces
Prevention of Heat exchangers and Steam generators tube 
failures related to corrosion
Good integrity of structural materials 

CONTROL PARAMETERS and DIAGNOSTIC PARAMETERS

NRV, which is a readily achievable value during plant 
operation under normal steady state conditions
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Technical specification based on Technical specification based on 
Action LevelAction Level

Control parameters

Control parameters decide the operation of the reactor 
with the following main objectives:

– Safety
– Long term Life of system components
– Efficient power production

Regulatory compulsion to measure & maintain
Recommend shut down of the reactor upon violation.
No control parameter calls for SCRAM 
Prescribed shutdown is a planned shutdown with adequate 
time for initiating the shutdown.
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Diagnostic parameters

Help to interpret the control parameters variation 
Assign the cause of the problem
No regulatory compulsion to measure 

• Based on quantitative data, the parameter values and tolerable 
duration for action levels are given. In cases where such quantitative 
data is not available, prudent and achievable action level values are 
recommended based on experience.

• The values of the parameters should be reliably measurable by 
standard analytical methods at the NRV and action levels. However 
non-availability of manpower or inability to acquire a methodology or 
equipment cannot be taken as justification for not implementing either a 
control or a diagnostic parameter.

Technical specification based on Technical specification based on 
Action LevelAction Level
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Moderator system Moderator system –– Control Control 
ParametersParameters

Parameter NRV AL#1 AL#2 AL#3

Sp.Cond.
@25C 
(uS/cm)

< 1.0 ≥ 1.0
(240 h)

≥ 2.0
(72 h)

≥ 3.0
(S/D)

Deuterium
(% v/v)

< 2.0 ≥ 2
(96 h)

≥ 3
(48 h)

≥ 4
(S/D)

Sampling is continuous
D2/ O2 stoichiometry is important
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PHT system Control ParametersPHT system Control Parameters

Parameter NRV AL#1 AL#2 AL#3

Isotopic purity
(% w/w)

≥ 97 < 97
(S/D)

pH at 25C > 10.2 
< 10.5

10.2 – 10.0
10.5 – 10.6

(240 h)

10.0 – 9.0
10.6 – 10.8

(48 h)

<9.0
>10.8
(S/D)

Dissolved 
Oxygen(μg/lit)

< 10 > 10
(240 h)

> 20
(48 h)

> 100
(S/D)

I-131 
(uCi/lit)

< 25 ≥ 25
(240 h)

≥ 50
(96 h)

≥ 100
(72 h)
(S/D)
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Boiler Boiler –– control parameterscontrol parameters
Parameter NRV AL#1 AL#2 AL#3
Sp.Cond.
@ 25 C(μS/cm)

< 25 ≥ 25
(240 h)

≥ 50
(72 h)

≥ 150
(S/D)

pH at 25C 8.5 –
9.6

< 8.5
> 9.6

(240 h)

< 8.3
> 10.5
(24 h)

<7.5
>10.8

Sodium (mg/lit) 0.5 ≥ 0.5
(240h)

≥ 2.0
(24 h)

≥ 5.0

7 ≥ 7
(120 h)

≥ 20
(48 h)

≥ 30

Chloride (mg/lit) 1.0 ≥ 1.0
(240 h)

≥ 5.0
(24 h)

≥ 10.0
(S/D)

Silica (mg/lit) 5 ≥ 5
(120 h)

≥ 10
(48 h)

15

20 ≥ 20
(240 h)

≥ 100
(48 h)

≥ 200CEP
DO (μg/lit)

BFP



26/11/02 WSCL, India: IAEA CRP- DAWAC No.2
10

Diagnostic parametersDiagnostic parameters

PHT Sp.cond,                 30            μS/cm
Lithium,                  0.5-1.5      ppm
Chloride,                0.3             ppm
Ammonia,              0.5             ppm
Nitrate,                   1.0             ppm
DH,                         2-10           ml/kg
TDG,                       50              ml/kg
D2 ,                         4                % v/v

Crud,
Activity,

pH,                          5.5-8.0
nitrate,                    0.5            ppm
chloride,                 0.2            ppm
N2,                          4.0              %
O2,                          2.0              %

IP, 99.75 %
B, (*)

MODERATOR
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Diagnostic parameters.. Contd.Diagnostic parameters.. Contd.

Boiler feed Sp.cond,                 10            μS/cm
pH,                       8.8-9.5     
Hydrazine,           50 - 200       ppb
Silica,                      50             ppb
ammonia,                0.3           ppm
Cu, Fe, Ni,               50             ppb

Boiler B/D Suphate ,                 1              ppm
Morpholine,           2-10          ppm
Total Hardness,       2             ppm
ammonia,               1.0            ppm
Cu, Fe, Ni,              1.0            ppm
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Action levelsAction levels
Action level #1  (Range/ value)

– Damage can occur over a long period of operation. 
– Improve the chemistry in a reasonable time
– Sampling frequency should be increased as deemed fit.

Action level #2

– Damage can occur rapidly due to operation in this range.
– Prompt action is necessary to restore parameter to NRV. 
– Sampling frequency should be increased as deemed fit. 
– A technical review of the incident should be documented.
– An incident report should be prepared and discussed at 

SORC. 
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Action level #3

– Not advisable to prolong the operation of the plant
– For parameters related to safety

Lower the power and shut down (S/D) within 4 h
– For other control parameters

Try to reach AL#2 within 24 h, 
ELSE S/D within the next 4 hours
If there is a significant improvement, power 
operation can be continued. 
Technical review of the incident should be 
documented and discussed in SORC/COSWAC.

Action levelsAction levels
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CRPCRP--ProgrammeProgramme

Establishment of Universal DATA BASE for PHWRs in INDIA
– Reactor
– System
– Parameter
– Off-line & On-line data

Validation
– Values in accepted chemical range
– Analytically acceptable value
– Compatibility to related / dependent parameters 
– Regulatory compliance

Graph
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Data Storage - retrieval
– Trending - prediction
– corrective action - suggestion
– Auto - corrective action ?
– Plant life Extension 

Data under Shut down conditions

Quantification of effects of Chemistry Deviation
– time allowed variation
– extent of damage to system

CRPCRP--ProgrammeProgramme
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Assumptions….

– AL #1 is used for first detection of violation
– Diagnosis initiated with control parameters
– Diagnosis supported by other control & diagnosis parameters 

purification flow only acts as a guide (Future work)
– On-line data is considered every 15 min and grab sample data is 

assumed to be the last reported one

Diagnosis Module Diagnosis Module -- ModeratorModerator
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Diagnosis Module Diagnosis Module -- ModeratorModerator
Neutral water chemistry
CONTROL PARAMETERS
– SPECIFIC CONDUCTIVITY
– % DEUTERIUM  IN COVER GAS

1. Check if the control parameter is within NRV

2. pH, NO3, CO3, Cl, SO4 are the Diagnostic parameters
1. NO3

2. air ingress, radiolytic conversion of N2

3. CO3
1. CO2 ingress
2. organic carbon ingress
3. IX bead ingress

4. Chloride 
1. IX slip
2. light water ingress
3. organics containing Cl
4. radiolytic decomposition
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Diagnosis Module Diagnosis Module -- ModeratorModerator

5. SO4
1. IX bead ingress

Radiolytic process
1. H2 : O2 stoichiometric proportion => only radiolysis
2. O2 excess : Air ingress
3. O2 Deficient : Consumption by Organic carbon

Recombiner Unit
50-80% decrease in H2/O2 in RU outlet of stoichio-metrically least component

Check other control parameters & diagnostic parameters for consistent diagnosis

Integrate the diagnosis

Identify the corrective action(s)

Sample module: 
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Moderator systemModerator system

Reactor

Calandria

Mod. HX

RU

IX

Cover gas system

Diagnosis 
module

Rule logic

Display
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K, pHT , ORP, ECP, monitored on-line at the system   
temperature

– With suitable probes in model system
– normal & off-normal conditions were studied with 

special reference to transients
Relative importance, urgency, consequences
– Operator’s ability to differentiate small changes in 

different critical parameters
Link between observed phenomena & underlying processes
– Quantify the connection between deviation in 

parameter & activity transport or IGSCC initiation
– small& Large deviations short/ long durations

CRPCRP--ProgrammeProgramme

HT Loop

Transient data
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HIGH TEMPERATURE LOOP

Electrochemical 
instrumentation
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Next YearNext Year

Diagnosis for PHT and Boiler

Front end for data storage & display

Generate real life data from HT loop and validate the 
diagnosis module

Apply for real life data from Plants

Thank YouThank You
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Rules logicRules logic

Hydrogen in cover gas

CO3 NO3 Cl
U1 U2 U3
No No No None present
No No Yes Chloride slip from IX
No Yes No Air ingress
No Yes Yes Air ingress  & Cl slip from IX

Yes No No Organic carbon ingress
Yes No Yes Org. carbon + Cl slip from IX
Yes Yes No Org carbon + nitrogen ingress
Yes Yes Yes Org. carbon + N2 slip & Cl slip from IX

Sp. Conductivity

NO3 CO3 Cl SO4
No No No No System normal : check for unusual sp. Cond
No No No Yes Unusual SO4: check CW
No No Yes No CW ingress + IX slip
No No Yes Yes IX slip, CW ingress, check SO4
No Yes No No Organic carbon
No Yes No Yes IX bead ingress
No Yes Yes No Organic carbon + CW ingress
No Yes Yes Yes IX slip, CW ingress, IX bead ingress
Yes No No No Air ingress
Yes No No Yes Air ingress; check SO4
Yes No Yes No Air ingress & CW ingress
Yes No Yes Yes Air, CW & IX slip; check SO4
Yes Yes No No Air ingress
Yes Yes No Yes Air ingress
Yes Yes Yes No Air ingress; IX slip
Yes Yes Yes Yes Air ingress, IX slip, IX bead ingress
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DAWACDAWAC

Data Processing Technologies for Water 
Chemistry and corrosion control in Nuclear 
Power Plants

Regulatory needs

Plant specific 
information

Data acquisition 
system: Plant data

Plausibility 
Checks

Models and 
Databases

Diagnosis 
Module

Algorithms and 
calculations

WACOLIN



Transient responses at High temperature

Three type of ingress : rapid
• LiOH addition 
• Acid addition
• NaNO3

Ingress of impurities

Detector response

288C k, pH response

@ 288C stability of ORP/ECP probes and 
their response

@ 288 C stability of pH probe and 
Sp. Cond probes

Detector response possibilities

Acid transient with ΔT effects Acid transient

288C redox response

Transients

















The impact on Sp.cond due to DT and DC are of 
comparable magnitude
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Expert system and data processing for chemistry domain in 
Indian Pressurised Heavy Water Reactors (PHWRs) 

 
S.V.Narasimhan, S. Rangarajan, H.Subramanian, V.K.Mittal,   

M.P.Srinivasan and S.Velmurugan 
 

Water and Steam Chemistry Laboratory, BARC Facilities, Kalpakkam,  
Tamil Nadu 603 102, INDIA 

 
Introduction 

Interaction between system materials and the coolant primarily generates 
corrosion products leading to either loss of system integrity or generation of activated 
corrosion products.  In nuclear reactors, both these aspects are critical to the 
operation and maintenance because they are either linked to man-rem exposure or 
release of radioactivity to the environment.  Therefore, controlling water chemistry 
regime over very narrow range is desirable so that preventive measures can be 
initiated well in advance.  Unlike non-nuclear power systems where replacement of 
components is easily achievable, in nuclear reactors, refurbishment is quite expensive 
and man-rem is also consumed.  Cooling systems in PHWRs can be classified into 
three major headings. They are (i) moderator system and cover gas system, (ii) 
primary heat transport system and (iii) steam generator circuit and feed water system.  
The cooling fluids used in these circuits are at different temperature-pressure 
conditions as detailed below and also the materials of construction involved in these 
circuits are quite different depending upon the temperature-pressure conditions. The 
materials of construction used in the three circuits of a typical Indian PHWR are given 
in Table-1.   

Table -1 Typical materials of construction used in Indian PHWRs 
System Material System Hardware 

Stainless Steel  Piping & vessels  
Cupro-Nickel, SS   Heat exchanger 

Moderator 

Zircaloy  In core material 
Incoloy 800, 
Monel 400  

SG tube material 
 

Zircaloy / Zr-Nb  core components 

PHT system 

Carbon steel Piping, feeders and headers 

Carbon steel Piping, SG shell, Vessels Steam generator 
circuit Aluminum brass 

Admiralty brass 
Titanium, SS 

Condenser tubes 
 

 

General operating conditions and chemistry domains for these three systems 
are given in Table-2. 
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Table -2 Chemistry domain for different systems in Indian PHWRs 

 
 Moderator Primary Heat Transport Steam Generator 
Purpose Thermalising 

neutron 
Heat transfer to steam 
generator 

Production of 
steam for turbine 

Chemistry Neutral pH, no 
additive, Heavy 
water medium 

Alkaline pH, LiOH and 
dissolved hydrogen additives, 
Heavy water medium 

Alkaline pH, AVT 
additives, Light 
water medium 

Physical < 6 atm, < 70°C, 
non boiling 

~87 atm, 250-300°C, non 
boiling 

~ 40 atm, 250°C, 
boiling 

 

In order to simplify and effectively control the chemistry domain, the chemistry 
parameters in Nuclear reactors are classified as control and diagnostic parameters. 
The roles played by these parameters are listed below. 

Moderator system

Fission neutrons are thermalized in this system, which is distinctly separated 
from the coolant circuits.  Apart from thermalizing the neutron, it also removes heat 
from the reactor vessel internals (Calandria), which is transferred to active process 
water through a suitable shell and tube type heat exchanger.  As a consequence of 
constant exposure of moderator water to radiation, heavy water radiolytically 
decomposes leading to generation of molecular products like deuterium and 
oxygen.  They get stripped into the helium cover gas maintained over the heavy 
water system.  Since the radiolytic decomposition is related to operating power, 
extent of gas space over the heavy water in the Calandria, temperature and ionic 
impurities present in the heavy water, a close monitoring of D  and O  levels in the 
cover gas is carried out.

2 2

  There is a purification circuit for removing the ionic impurities 
present in the moderator water with a half-life of ~400 minutes.  Similarly, the cover 
gas is passed through hot palladium coated alumina catalyst (at 120°C) to 
recombine D2 and O2 so that the D2 level in the cover gas is kept below either 4 or 6% 
depending upon the molar ratio of D2 and O2.   

In the moderator system, the chemistry control is essentially directed towards 
minimizing radiolytic decomposition of heavy water.  Since the construction material 
is stainless steel and the temperature is <70°C, there is very little possibility of corrosive 
interaction.  The ion exchange circuit ensures removal of chloride, carbonate, nitrate 
and ammonia, if any, through the mixed bed purification.  The source of nitrate and 
ammonia could be due to the nitrogen from air ingress into the cover gas.  Whenever 
there is an escape of ion exchanger fines from the strainer of the mixed bed, 
carbonate, sulphate and chloride levels in the moderator system can go up.  
Similarly, whenever there is oil ingress, carbonate levels have been observed to go 
up.  Corrosion of copper bearing alloys, if they are present in the circuit, generates 
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cupric ions in the moderator system, which could also enhance radiolytic 
decomposition of water. Since the heavy water, which is used in the moderator 
system, is theoretically pure and no chemical additives are present, its specific 
conductivity is about 0.1 μS/cm at 25°C.  Any small deviation from this value 
immediately reflects the presence of ionic impurities.  Chemistry monitoring of 
moderator system pertains essentially to monitoring pH and conductivity and hence, 
conductivity is used as one of the control parameters in this system.  Out of the two 
radiolytic gases, D2 is used as control parameter because it is related to safety.  
Enhancement of its rate of production is related to ionic concentration of impurities 
while all other factors remain invariant.  pH, chemical concentration of ionic 
impurities, % oxygen in cover gas are grouped as diagnostic parameters which 
enables confirmation of deviation in control parameters. 

Primary Heat Transport (PHT) system  

Nuclear heat is removed from the core and transferred to steam generator to 
produce steam in the light water circuit in order to drive the turbine.  Neutron 
economics call for use of heavy water in the PHT system, which is kept in single phase 
by application of external pressure.   Incoloy-800 and zirconium alloys are highly 
resistant material against high temperature corrosion. The main contributor to 
corrosion products in the PHT system is carbon steel, which releases iron at an 
average rate of 0.43 mdd (2 µm/year) due to interaction with the coolant water.  
Hence, the chemistry of coolant water is decided by minimization of high 
temperature corrosion of carbon steel.  pH25C is maintained between 10.2 and 10.5 
with the help of LiOH. While any better chemistry domain cannot achieve further 
minimization of corrosion release, narrowing the pH variation in the PHT system can 
control migration, transportation and redistribution of corrosion products more 
effectively.  Both the absolute value of the pH, its deviation either due to chemistry or 
temperature will have an influence on the above-mentioned phenomena.  It is this 
aspect, which contributes to the build-up of radiation field in different parts of the out 
of core surfaces.  Hence, the emphasis of water chemistry control in the PHT system is 
towards minimization of radiation field build-up. In this circuit also enhancement of 
radiolytic decomposition could occur due to ingressed impurities leading to 
generation of dissolved oxygen.  The chemistry domain is quite simple, since boron is 
not added in Indian PHWRs. There is a direct correlation between the concentration 
of Li and pH.  Since the pH has bearing on activity migration, it is used as control 
parameter.  Rapid and reliable pH measurement can be made and hence, it is used 
as control parameter while occasional measurement of Li concentration reconfirms 
the pH value. Recent developments show that the online high temperature pH 
monitoring is also possible and will act as better indicator of the pH regime than 
measuring the pH of the cooled sample.   
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Dissolved oxygen is a critical factor, which promotes general and specific 
corrosion of material, and its enhancement in PHT system is a measure of radiolytic 
decomposition. It is also termed as one of the control parameters in the PHT system.  

Enhancement of the concentration of 131I in the coolant is an indicator of 
failed fuel. As PHWRs have online refueling capability associated with online leak 
detection facilities, presence of failed fuel for long period of time inside the core is not 
expected to occur.  However limit on iodine concentration level has been prescribed 
(with iodine as a control parameter) essentially to limit the extent of fission product 
radionuclide deposited on the coolant circuit.  It is known that during any power 
fluctuation or fuel movement, there will be an increase in 131I level should there be a 
defective bundle present in the core.  Hence, no upper limit for 131I can be 
prescribed.  However, it is possible to prescribe a time duration during which the 
iodine levels can be brought back to safe limits implying that the inventory of other 
fission products will also be limited.  It should be noted that iodine per se is not a 
chemistry parameter.  It is only an indicator of the health of the system from the point 
of view of fission product contamination and build-up of out-of-core radiation fields. 

Isotopic purity of the heavy water is yet another control parameter in the PHT 
system.  Its variation has a bearing on neutron economics and safety of the reactor 
operation during LOCA condition. 

Steam Generator (SG) System 

This is a light water circuit producing saturated steam at 250°C and 40 kg/cm2 
pressure.  The SG is shell and tube type with vertical mushroom configuration.  A part 
of water from the SG is bled continuously, purified and returned back to the system, in 
order to have a control on the concentration of various ionic impurities in the SG. The 
entire SG circuit is made of carbon steel except for the steam generator tube, which 
is made of Incoloy-800/ Monel-400.  As boiling occurs in the steam generator, all 
volatile treatment with zero solids defines the chemistry of the secondary circuit.  The 
optimum pH is provided by ethanolamine in the concentration range of 3-7 ppm.  
Dissolved oxygen is controlled by the combination of de-aeration and reaction with 
hydrazine.  

Some of the PHWRs in India employ condensers cooled by lake/ river water. 
Some others use natural draft cooling tower (NDCT), which draws water from the river. 
Power stations located on seacoast use seawater in once through mode for 
condenser cooling. Only in the last case, full flow condensate purification circuit is 
employed to provide adequate protection against ionic impurity ingress.  The critical 
component in the secondary circuit is the SG tube itself and its failure needs to be 
prevented by proper chemistry control.  The control parameters in the SG circuit are 
specific conductivity and pH, which reflect the total ionic impurities and ensure 
optimum alkaline environment needed for preventing general corrosion.  
Ethanolamine ensures adequate protection to the steam circuit and minimizes iron 
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input from moisture separator and other intermediate stages of steam condensation.  
Sodium and chloride are the only mono-valent impurities, which will slip through the 
ion exchange beds very easily.  Hence, their presence in the SG circuit will be 
indicative of poor water quality in the makeup or in SG blow down purification 
system. The concentration of ionic impurities in the crevices of the SG tube increases 
the possibility of localized attack due to highly alkaline / acidic conditions. Since 
there is boiling in the SG, it acts as an amplifier of the concentration of the chemistry 
parameters and hence, all control parameters are measured in this SG blow down 
water.  Silica is also a control parameter as it deposits on turbine blades.  The source 
of silica is again the make-up water. As silica is not related to any other chemical 
parameters, it needs to be independently monitored and controlled.  

Oxygen in the boiler circuit enters the condenser from make up water.  
Though it is removed in the condenser and deaerator by physical means and by 
addition of hydrazine at BFP suction, it’s monitoring at condensate extraction pump 
and BFP suction is essentially to check the efficiency of its removal.  Table 3 and 4 
respectively provide a list of control and diagnostic parameters of interest to the 
systems of PHWRs in India.   

Definition of action levels and technical specification for PHWRs 

EPRI had earlier formulated action levels based chemistry monitoring for SG 
circuit.  This concept introduces different critical levels of concentration and 
associated time duration during which they can be tolerated in the system without 
major negative consequences and during this period, suitable corrective action is 
expected to be taken.  The reactor operator has a definite prescription as to the 
course of corrective actions that are to be implemented.  A priori, he has knowledge 
of the time available for implementing the corrective action.  The third action level 
usually is related to shut-down of the plant or power reduction.  A similar concept has 
been implemented in Indian PHWRs for all the above-mentioned systems.   While 
arriving at concentration levels related to action level-3 (AL-3), adequate care has 
been taken to prevent any permanent damage to the system.  The time duration of 
actions levels 1 & 2 are essentially controlled by the time taken by the operating 
personnel to detect and confirm the occurrence of an abnormal event and the 
possible time that will be taken by the reactor operator to initiate corrective actions.  
In most of the cases, it will involve the use of ion exchange circuit for reducing the 
impurity levels and the time constant of ion exchange circuits are quite high.   

The control parameters can be further classified as those related to safety and 
those related to plant life. For the former, the S/D is initiated as soon as AL #3 is 
reached while for the latter an additional time is allowed for corrective action. Shut-
down related to chemistry control means implementation of planned reactor 
shutdown lasting for about 4 hours.  While the presence of system in action level 1 
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calls for reporting of abnormal occurrence only to the plant safety authority, action 
levels 2 and 3 call for reporting the event to an independent Safety Committee. 

Data storage and chemical analysis 

Most of the chemistry parameters are measured on samples collected 
manually in moderator, PHT and SG system.  There are only few parameters in the SG 
feed water circuit which are measured online like pH, specific conductivity, dissolved 
oxygen and sodium. 

Due to the availability of several online instruments and their improved 
reliability, more online measuring systems will be added / included in the near future.  
The data generated by the Chemical Control Laboratory, on different systems are 
tabulated in the form of Excel sheets and is available as a soft copy to the operator in 
the control room.  This data is updated on a daily basis and the station issues monthly 
reports to the regulatory authorities with suitable comments for the parameters, which 
have undergone any deviation from the normal range of values. 

The chemistry parameters are monitored and controlled at selected pre-
decided intervals by keeping in mind the following objectives. 

1. The generation of radioactivity and its spread on the internal surfaces of 
PHT system piping and components are to be kept to a minimum, 

2. Uniform corrosion of any of the surfaces of PHT system piping and 
components is not acceptable beyond that allowed by design, 

3. Extent of localized attack should be minimized, 

4. Radiolytic degradation of coolant is to be minimized to prevent build up of 
dissolved oxygen in the coolant, 

5. Moderator system chemistry is to be controlled to provide ideal 
environment for inhibiting general and localized corrosion, 

6. Radiolytic decomposition of moderator should be controlled to prevent 
accumulation of deuterium / oxygen in the cover gas, 

7. The integrity of SG tubes is to be assured for inhibiting the escape of the 
primary coolant by effective corrosion and deposit control measures. 

Diagnosis methodology 

Under the present CRP programme, a code has been developed for 
analyzing the plant chemistry data (for PHWR) in an “Intelligent” manner. This code 
called “Wise Plat Chem- 1.0” is Visual Basic based software using Excel data sheets. Its 
main diagnosis tool is detailed below.  

In the analysis module various aspects of diagnosis are carried out. The value 
of a control parameter (CP) is checked with the normal range of values (NRV) by 
giving due weightage to the error in measurement. If the CP is found outside NRV 
then the action levels are identified and displayed. After this is repeated for each of 
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the control parameters, the diagnostic parameters (DP) and CPs are used to 
compute the equilibrium pH and specific conductivity by first iteratively solving the 
suitable chemical equilibrium expressions.  The specific conductivity contribution is 
then computed for all the ions and summed up.  Measured value including the 
experimental error is used for comparing with limiting values.  Similarly, the errors in the 
computed pH and specific conductivity values were calculated by introducing the 
errors in the analytical concentration of ions and employing standard statistical 
functions.  The inter-relationship between the concentrations of various ions/ 
molecular products is defined as rule base in the code itself. This rule base has been 
formulated based on the plant experience and certain logics based on chemistry 
regime. Flags are set up for each parameter either if they vary from NRV or if they 
show an unacceptable increasing/decreasing trend compared to the previous 
stable values. These flags are then used to define the exact condition of the system 
dependent on the rule base. As the three systems namely Moderator, PHT and SG are 
non-interactive type, the rule bases are independent. The messages derived for the 
status of the system is collated and displayed. 

The first interactive screen of the software is reproduced in Figure 1 with some 
explanation for the menu.  The detailed functional nature of the menu is given in 
Annexure-I. Typical diagnosis screens for Moderator, PHT and SG systems for synthetic 
data are given in Figs (2-4) 

Online Vs. grab sample analysis 

As mentioned earlier, emphasis is being given by power plants for online 
measurement of chemical parameters on cooled water samples.  This enables 
monitoring of the system at very frequent intervals.  Such data can also be 
dynamically linked to an expert system.  As the monitoring equipments operate only 
at room temperature, their reliability is more, they are cheap and easy to maintain.  
However, the sample integrity is compromised to some extent due to cooling.  Recent 
advances (refer to earlier CRP conducted by IAEA) have demonstrated the pH, 
specific conductivity, ORP and ECP can be easily quantified after measurement at 
elevated temperatures.  These equipments require a lot more maintenance for 
yielding reliable data.  As part of this programme, our laboratory has demonstrated 
the feasibility and reliability in a simulated loop.  The results of such investigation were 
presented in the 2nd CRP review- 2002.  Some of the typical observations are 
highlighted below: 

 
Specific conductivity : Though there is an enhancement in specific 
conductivity of the water at elevated temperature, the enhanced specific 
conductivity contributed by the additives / impurities facilitate lower limits of 
detection in a rapid manner.  The temperature dependence of specific 
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conductivity at elevated temperature calls for reliable and precise 
temperature control. 

pHT :  Apart from the aberration of reference electrode’s reliable long term 
behaviour in industrial environment, the trends in pHT value still gives 
meaningful results to monitor the transients.  Transients of minor magnitudes in 
pH have been identified effectively in the loop experiments.  It is felt that such 
data generated in pressurized coolant environment will help achieve 
conditions suitable for minimum activity transport. 

ECP/ORP and DO :  ECP/ORP is a measure of the redox environment and its 
sensitivity to DO variation could be clearly demonstrated. 

In order to enable expert system to function reliably, it is mandatory to have online 
chemistry instrumentation in as many locations as possible. 

 

Conclusions :   

Intelligent software to analyze the plant chemistry data from PHWR has been 
evolved.  It works in an interactive mode and can identify causative factors for 
chemistry excursions.  Though this code handles data entered in a file on off-line 
mode, with little modification in front end, it can be made to acquire online data and 
subsequently evaluate.  The action level based status identification, chemistry 
calculator, standard pH and specific conductivity data sets related to various 
impurities and additives are built in the programme.  As part of this work programme, 
the sensitivity of high temperature online data collection has been evaluated. The 
errors involved in the primary indicator parameters (pH and specific conductivity) 
have been quantified using the errors with individual concentration of ions.    The rule 
base is evolved based on plant experience and employs a simplistic “IF..THEN..ELSE” 
logic.  The chemistry parameters are compared with definite limiting values and 
trends.  The code is currently put to field trials. Based on the feed back from 220 MWe 
PHWR plants, it will be possible to extend the same to advanced heavy water 
reactors, 500MWe PHWRs as well.  Prediction of trends in radiation field build-up and 
expected life of critical components will be our future area of work. 
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Fig 1. First screen of the code entitled “Wise Plant Chem- 1.0” 
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Table 3. List of control parameters in Indian PHWRs 

 
S.No System Parameter/ 

Constituent 
units NRV AL #1 AL #2 AL #3

1 Moderator Sp. Cond. (µS/cm) 
@ 25°C  

<1.0 >1.0 (96h) >2.0 (72h) >3.0 (S/D) 

2 Covergas Deuterium (% vol / vol) < 2; D2 / O2 < 2 >2 (96 h) > 3 (48 h) > 4 (S/D) 

   Deuterium (% vol / vol) < 2.5; D2 / O2 > 2 >2.5 (96 h) > 4 (48 h) > 8 (S/D) 

3 PHT Isotopic 
purity 

(%w/w D2O) 97% min   < 97% 

4 PHT pHa at 25°C  >10.2 to < 10.5 10.2 - 10.0 & 
10.5 - 10.6 

< 10.0 - 9.0 & 
>10.6 - 10.8 

< 9.0 & > 10.8 

      (240 h) (48 h)   

5 PHT Diss.oxygen (µg / lit) <10 >10 (240 h) >20 (48 h) >100 

6 PHT Iodine – 131 (µCi / lit) < 25 >25 (240 h) > 50 (96 h) > 100      (72 h; 
S/D) 

7 SG Sp. Cond.  (µS /cm)  
@ 25°C 

<25 >25 (240 h) > 50 (72 h) > 150 (S/D) 

8 SG pH at 25°C  8.5 – 9.6 < 8.5 - 8.3 & >9.6 
- 10.5  

< 8.3 - 7.5 & >10.5 
- 10.8 

<7.5; >10.8 

      (240 h) (24 h)   
9 SG Sodium (mg / lit) 0.5 >0.5 (240 h) >2 (24 h) 5 

10 SG Chloride (mg / lit) < 1 >1 (240 h) > 5 (24 h) >10 (S/D) 

11 SG Silica (mg/lit) < 5  >5 (120 h) > 10 (48 h) >15 

12 FW  CEP(D) Diss.oxygen (µg / lit) <20 >20 (120 h) > 100 (48 h) >200 

13 FW  BFP (S) Diss.oxygen (µg / lit) <7 >7 (120 h) > 20 (48 h) > 30 
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Table . 4 List of diagnostic parameters in Indian PHWRs 
 

System Parameter NRV units 
    

Moderator IP 99.75 % 
 pH 5.5-8.0  
 Nitrate 0.5 mg/lit 
 Chloride 0.2 mg/lit 
 Boron  mg/lit 
 N2 in CG 4 % v / v 
 O2 2 % v / v 

PHT Sp.cond 30 µS/cm 
 Lithium 0.5-1.5 mg/lit 
 Chloride 0.3 mg/lit 
 Crud 0.1 mg/lit 
 ammonia 0.5 mg/lit 
 Nitrate 1 mg/lit 
 DH 2-10 ml/kg 
 TDGs 50 ml/kg 

 
D2 in CG 4 % v / v 

D2/O2 stoichiometric 

 
 6 % v / v 

D2/O2 stoichiometric 
 beta/gamma 10 In/out 

FWS Sp.Cond 10 µS/cm 
 pH 8.8-9.5  
 Hydrazine 50-200 µg / lit 
 Silica 50 µg / lit 
 Ammonia 300 µg / lit 
 Cu+Fe+Ni 50 µg / lit 

SG-Water Ammonia 1 mg/lit 
 Cu+Fe+Ni+Cr 1 mg/lit 
 Sulphate 1 mg/lit 
 Morpholine 2-10 mg/lit 

 Ethanolamine 3 - 7 mg/lit 
 Hardness 2 mg/lit 

SG-steam Sp.Cond 10 µS/cm 
 pH 8.5-9.5  
 Silica 20 µg / lit 
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Annexure-I 

File menu 

Open : The limits and action levels for various parameters are 
given in a file called LIMITDAT.XLS and is not accessible to 
general user. File containing the plant data is given in RX-
HS.XLS (default file). This excel file contains 4 data sheets 
namely, Mod_data, PHT_data, SSG_data, AuxSys_data. 
First two columns define date and time of the 
sample,and the other column headings refer to the 
parameter names, which also has a brief system tag. Any 
new data file is given in the selection data from that file 
will be used for analysis. 

 
Save : Saves the page on display containing analysis report 

pertaining to a data set. 
 
Print : Prints the current analysis report. 
 

Plot menu 

 For each of the systems namely moderator, PHT and SG, 
data pertaining to any two parameters (pH & specific 
conductivity as default) is plotted for one month (default) 
as X-Y scatter with line.  Time duration, parameters for 
each of the plot are selectable. 

 
 Clicking the mouse on the graph highlights the point.  In 

addition, the value is displayed on holding the mouse at 
a point. Double clicking on the data point leads to 
analyse screen.  Right clicking on the data point leads to 
trending based on prior 4 data points.  

 
Diagnosis menu 

For each of the three systems, data is diagnosed in time 
sequence.  The form displays a brief graphic layout of the 
system with all data displayed in tablular form corresponding to 
a date/time tag.  Control buttons are used for selection of a 
data set.  Pressing analyse button executes four functions : 
(1) Action level for each CP is identified and displayed. 
(2) System diagnosis based on the parameter value is 

carried out. 
(3) Data set consistency is checked between measured and 

computed values of pH & specific conductivity. 
(4) Final diagnosis and options are compiled and displayed. 
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Data menu 

 Raw data pertaining to all the four systems of a PHWR is displayed in 
tabular form. 
 
Default menu 

 This menu is related to data on regulatory measures pertaining to 
water chemistry. 
 

DP_NRV displays the normal range of values for diagnosis 
parameters.  

 
SDCriteria displays the NRV of control parameters and action levels. 

 
Standard menu 

 
Calculator Given a set of concentration of ions in ppm, theoretical 

calculation of specific conductivity @ 25°C in H2O and 
D2O medium and pH25 in H2O medium is calculated.  This 
function is also invoked by diagnosis module for 
computing the specific conductivity and pH for the set of 
observed impurity concentration levels. 

 
Ref. Table For an aqueous solution, pH and specific conductivity 

values are tabulated for acids, bases and salts 
encountered in reactor coolant regimes.  In case of 
weak electrolytes, 1%, 10%, 50% and 90% mixtures of 
weak acid/base along with the salt is used for 
computation.  
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 14

Fig 2. Diagnosis screen for Moderator system of PHWR 

 
 
 
 

Fig 3. Diagnosis screen for Primary Heat Transport system of PHWR 
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 Fig 4. Diagnosis screen for steam generator system of PHWR 
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Abstract 
Improved water quality at BWR plants and newly developed water chemistry monitoring techniques have made it 

possible to detect slight changes in water chemistry to provide valuable information at an early stage on 

component abnormalities as well as predict future abnormalities.  

 

A system to diagnose abnormalities on structural materials in the primary cooling systems of a BWR by 

analyzing water chemistry data is proposed.  In the system, patterns composed of more than two kinds of water 

chemistry data are compared with several stages of structural material abnormalities, e.g., radiation build-up in 

the primary cooling systems, fuel defects and stress corrosion cracks of primary components.  Basic structures 

of the anomaly detection system using water chemistry data are introduced and some typical experiences, 

analyzed using the system, are shown. 

 

The water chemistry diagnosis system is supported by recent developments in water chemistry monitoring 

technologies.  Some of the high temperature sensors developed for laboratory experiments, e.g. ECP 

(electrochemical corrosion potential) monitors, are applied at operating power plants to collect valuable 

information for diagnosis of structural material abnormalities.  Analytical data of water chemistry and materials 

as well as data obtained by plant process monitors are collected and stored in a computer system for later 

application to the water chemistry diagnosis system.  

 

Future subjects for improving accuracy and reliability of the water chemistry diagnosis system and enhancing its 

application to operating power plants are also discussed.   
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1. Introduction 

In order to meet increasing safety, reliability and availability requirements of nuclear power plants, anomaly 

detection systems have been developed for BWRs. These can be divided into two types, i. e. on-power detection 

systems and off-power detection systems. Detection of anomalous conditions in the reactor core by use of a 

reactivity balance method1)-3) and detection of loose parts by use of distributed acoustic detectors4) are typical 

examples of the former systems, while ultrasonic testing for pipe cracks5) and fuel sipping for detection of leaker 

bundles in the core6) are typical examples of the latter. 

 

As a result of successful control of water chemistry of BWR primary cooling water7), quality of water chemistry 

become very stable and small changes in water chemistry, e.g., pH, conductivity, corrosion product 

concentrations, and radioactivities, can be detected easily.   

 

Recently medical science has seen the development of computer aided medical inspection systems, which are 

supported by automatic analysis systems, for blood tests, urine analyses and electrocardiographs. In particular, 

the blood furnishes information on major organs as it circulates through them. Anomalous conditions in the 

organs affect the blood properties and vice versa. By analogy, in a BWR, the primary coolant has almost the same 

role as blood in the human body8), 9). The coolant circulates through the major components in the primary 

system, such as the core, recirculation pumps, turbines and water polishing systems. It transports not only energy 

generated in the core to the cooling system but also provides information on the component conditions. Changes 

in water qualities, such as pH, conductivity, oxygen concentration and impurity compositions, can affect the 

components causing future trouble with structural materials. Likewise abnormalities occurring in components can 

affect changes in water qualities. The changes in water qualities can provide valuable information at an early 

stage on component abnormalities as well as predict future abnormalities. 

 

In this paper, the authors propose an on-power anomaly detection system using water chemistry data.  The basis 

for abnormality diagnosis of primary component structural materials is also described. 

 

2. Historic aspects of water chemistry and radiation control in BWRs  

2.1 Present status of BWR plants in Japan 

More than 35 % of the electricity generated in Japan comes from nuclear power plants, 23 PWRs and 28 BWRs 

(Figure 1 and Table 1).  

 

Since the first commercial operation of BWR plants in Japan, collaborative efforts of plant manufacturers and 

plant operator utilities have been focused on satisfying four requirements for nuclear power plants7). 

(a) Higher safety. 

(b) Higher reliability. 

(c) Greater economic acceptability. 

(d) Fewer environmental impacts. 

 

Plant manufacturers have to design and construct nuclear power plants with higher safety, higher reliability, and 

lower construction and operating costs, while plant operator utilities have to operate the plants safely, reliably and 
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economically.  In particular, fewer environmental impacts can be realized by careful plant operation and water 

chemistry control in combination with well-designed plant systems. A lot of efforts have been made to minimize 

effects of radiation on residents around the plants and personnel who work in them.  

 

Occupational exposure at nuclear power plants is determined by three factors10): 

 1) the radiation level at which major inspection and maintenance operations are carried out; 
2) the work time for each maintenance operation; and 

3) the number of personnel needed for each maintenance operation. 

In order to reduce the radiation level, controlling radioactive corrosion products as well as avoiding occurrence of 

fuel defects is essential.  These efforts also help to minimize sources of radioactive waste.   

 

2.2 Historic aspects of water chemistry 

Since the first Japanese BWR, Tsuruga-1, started commercial operation in 1970, many experiences with water 

chemistry and radiation control in BWR plants have been accumulated. Some historic aspects of water chemistry 

and radiation control of BWRs are summarized in Table 2. During the five periods the topics of greatest interest 

have changed from single issues of fuel integrity, structural integrity and occupational exposure to their 

combinations. 

Table 2 

 For the first period, one of the most serious problems in plant operation was defects on fuel cladding. Dominant 

causes of fuel cladding defects were formation of zirconium hydride on the inner surface of the fuel cladding as 

well as several kinds of UO2 pellet-cladding interactions. Poor water chemistry, e.g., high suspended iron crud 

concentration, was sometimes suspected as a cause of fuel cladding defects, while fuel cladding defects 

themselves then led to other aspects of poor water chemistry, e.g., high radioactivity. In order to improve fuel 

integrity, suppression of crud concentration in the reactor water was applied along with structural improvements, 

e.g., moderation of mechanical interactions between cladding and UO2 pellets, and operational improvements, 

e.g., pre-conditioning of UO2 pellets. 

 

The major target in the second period was IGSCC (intergranular stress corrosion cracking) of stainless steel 

piping, which is enhanced by certain impurities in the reactor water, e.g., chloride ion. Concentrations of metallic 

and organic impurities, which enhance corrosion, required controlling. In order to avoid IGSCC, suppression of 

chloride concentration and conductivity in the reactor water by improving the condensate polishing system was 

applied along with development of IGSCC resistant materials, e.g., low carbon containing stainless steel, and 

residual stress reduction. During this period, inspection and maintenance operations of primary piping caused 

high levels of occupational exposure, which hindered effects to allay public feelings of uneasiness forwards nu-

clear energy. Then, lowered exposure became the main target for the third period. 

 

Small amounts of corrosion products released into the cooling water, such as 60Co, are activated in the core, 

becoming radioactive. Some of these products deposit on the walls of the recirculation piping and their compo-

nents, which results in shutdown doses around the primary cooling system and radiation exposures of personnel 

carrying out inspection and maintenance tasks around the primary system. In the third period, the desire for 

reduced occupational exposures required much severer criteria to be met for water chemistry, particularly 
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radioactive corrosion product control. The primary procedures for reducing corrosion products, the effects of 

which were evaluated on the shutdown dose rate, were incorporated into the Japanese Improvement and Standard 

Program (JISP), the details of which are described in the following section. 

 

In the fourth period, operational procedures of the condensate polishing system and water chemistry were 

improved to reduce iron crud concentration and then to reduce insoluble 60Co (designated as crud 60Co 

radioactivities in the reactor water for the pre-JISP BWRs. For these BWRs, as a result of applying oxygen 

injection into the feed water, replacing major piping of carbon steel around the main turbine with piping of 

corrosion resistant low alloy steel, and improving condensate demineralizer operation procedures, iron crud 

concentration in the feed water was successfully decreased from more than 50 ppb to l ppb. This crud reduction 

led to a drastic reduction of crud 60Co radioactivity in the reactor water, followed by a reduction of the spotty 

radiation dose rate around the pedestal due to locally deposited crud 60Co.  In spite of the beneficial application 

of radiation reduction procedures at the JISP BWRs, too-low iron crud concentrations (less than 0.1 ppb) caused 

an increase of 60Co radioactivity in the reactor water, which was eventually moderated by additional water 

chemistry control 11). Cobalt-60 in the reactor water could be successfully reduced by adding suitable amounts of 

iron crud to the feed water and enhancing re-deposition and fixation of 60Co as cobalt ferrite at the fuel surface.  

In order to suppress radioactivity of crud 60Co in the reactor water, the added iron crud should be controlled to 

keep a suitable nickel/iron ratio (Ni/Fe ratio <0.5) of the minimum amounts to form NiOFe2O3 and CoO Fe2O3 at 

the fuel surface12). 

  

In the fifth period, 60Co radioactivity in the reactor water at the JISP BWRs has been increasing due to less crud 

fixation on the too-smooth surfaces of the new type high performance fuels and to the pH drop caused by 

chromium oxide anions released from stainless steel piping. Most recently, attempts were made to decrease 60Co 

radioactivity by applying weak alkali control and better Ni/Fe ratio controll3). 

 

2.3 Optimal water chemistry 

As the numbers of aged nuclear power plants increases (Figure 2), preventive maintenance has become important 

to maintain the reliability against aging degradation of structural materials.  Water chemistry improvement is 

one of the suitable options for preventive maintenance with earlier preparation and reasonable cost.  In order to 

mitigate irradiation assisted stress corrosion cracking (IASCC) of core internals, hydrogen water chemistry 

(HWC) and noble metal chemical addition (NMCA) are commonly applied all over the world. Countermeasures 

applied to aging plants in Japan are listed in Table 3 from the viewpoint of water chemistry.  Water chemistry 

should be controlled to satisfy not only material reliability but also fuel integrity and minimizing dose rate 

build-up and radwaste sources.  Optimal water chemistry (Figure 3) should be applied to satisfy the 

requirements for reduced dose rate, improved structural material integrity, improved fuel integrity, and 

minimized radwaste sources. 

Figure 2, Table 3, Figure 3 

As adverse effects of HWC, NMCA and Zn addition, water chemistry control for structural materials often 

affects corrosion of fuel cladding, the shutdown radiation buildup radwaste source and so on (Figure 4).  Water 

chemistry control is one of the easiest procedures to use to remediate corrosive circumstance.  However, 

primary cooling water going through components with various surfaces and materials often causes undesirable 
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influences (Figure 5).   

Figure 4 & 5 

In order to control plant water chemistry, purification of cooling water is essential.  Establishing purification 

technology have made it possible to inject small amount of chemical additives in the primary cooling water to 

control water qualities, e.g., pH, conductivity, oxygen concentration.  Figure 6 shows basic approaches applied 

for optimal water chemistry.  Material improvement and water purification are the first, and then water quality is 

controlled by adding oxygen and hydrogen in the feed water, Zn in the feed water and noble metals in the 

recirculation water.  Suitable combination of water chemistry control will be evaluated depending on unique 

character of a plant. 

Figure 6 

It is important to improve water chemistry by evaluating possible effects of small changes in water chemistry on 

fuel cladding and structural materials after a long incubation time, as well as to consider the possibility for 

changes in materials which cause long term degradation of water chemistry.   

 

3. Relationship of primary cooling water and structural materials 

Recently computer aided medical inspection systems, are supported by automatic analysis systems for blood tests, 

urine analyses and electrocardiographs. In particular, the blood furnishes information on major organs as it 

circulates through them. Anomalous conditions in the organs affect the blood properties and vice versa.  By 

analogy, in a BWR, the primary coolant has almost the same role as blood in the human body.  Human bodies 

and BWR plants are compared in Figure 7.   The coolant circulates through the major components in the 

primary system, such as the core, recirculation pumps, turbines and water polishing systems, each of which can 

correspond to a major organ.  Suitable and timely plant re-freshing is required to keep sufficient reliability for 

aging BWRs the same as medical treatment for adult diseases.  In addition to annual inspection, power anomaly 

diagnosis can prepare accurate information on structural materials as well as plant functions, which allows 

suitable and timely preventive maintenance for aging plants. 

Figure 7 

The relationship between water chemistry of the primary cooling water and abnormalities on the structural 

materials is shown in Figure 8 as an event tree.  Cooling water transports not only energy generated in the core 

to the cooling system, but also information on the component conditions. Changes in water qualities, such as pH, 

conductivity, oxygen concentration and impurity compositions, can affect the components causing future trouble 

with structural materials. Likewise abnormalities occurring in components can affect changes in water qualities. 

The changes in water qualities can provide valuable information at an early stage on component abnormalities as 

well as predict future abnormalities.   

Figure 8 

4. Water chemistry monitoring in BWRs 

Major items for water quality measurements are divided ones obtained continuously by in line process monitors, 

those measured for sampled water at a plant laboratory and those obtained by special instruments for special 

targets. 

 

4.1 In line monitoring 

Conductivity, pH and oxygen concentration are measured continuously by in line monitors installed at major 
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sampling lines, where temperature of the cooling water drops.  Temperature, pressure and flow rate are also 

continuously measured.   Off gas effluent is monitored by in line monitors.   Radiation dose rate around major 

primary piping and major depositing nuclei are also continuously monitored by collimated gamma spectrometers 

in some plants.  

 

4.2 Off line monitoring 

Concentrations of corrosion products and anions, e.g., Cl-, and SO4
2-, are measured for the sampled water.  

Radioactivities of corrosion products and fission product are also measured with off line monitors.  Semi in line 

measurements using ion chromatography are becoming popular for determination of cation and anion species in 

the water.  

 

A special task force for integrity tests of structural materials and fuel is supported by water chemistry 

measurements, destructive / non-destructive tests, microscopic observations and so on, which allows 

accumulation of useful data for plant anomaly detection. 

 

4.3 High temperature monitors 

Many kinds of high temperature sensors have been developed for direct measurement of water qualities.  Only a 

few have been applied to operating power plants14)-21).  Table 4 lists high temperature sensors applied at 

operating plants.  Most of them are sensors for structural material integrity test.  High temperature reference 

electrodes for electrochemical corrosion potential measurements and contact tension specimens for crack 

propagation measurements are applied for task force of hydrogen water chemistry.   

Table 4

5. Diagnosis of structural materials using water chemistry data 

Basic structure of the anomaly detection system is shown in Figure 9.  The system consists of two parts: one is a 

system for data storage and processing and the other is a system for diagnosis using the processed data. The 

diagnosis system is divided into two: one is diagnosis by use of individual data and the other is diagnosis by use 

of combined data. 

Figure 9 

5.1 Data bank system 

Large amounts of water chemistry data should be handled in anomaly detection; many data must be processed 

during data reduction and evaluation. To achieve a quick response, simple and systematic data storage in the 

computer core is desired. 

 

Two kinds of data are input to the data bank system; one is water chemistry data obtained from routine plant 

supervision and the other is collections from special plant inspections. These data should be input with 

measurement conditions, e.g. collection date, operational mode, sample location and detection method. The data 

sets stored in the core with their measurement conditions are designated as immovable data sets. The immovable 

data sets are too heavy to be handled quickly. They must be changed to a lighter form for handling and stored in 

pairs, i. e. measurement data and collection date, with the identification numbers which indicate each 

measurement condition. The lighter data sets are designated as movable data sets. 
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Newly obtained data are added to the immovable data sets. Whenever the data sets are renewed, the movable data 

sets are recomposed for current evaluation. In order to protect the stored data, the immovable data sets are copied 

on backup tapes. 

 

The data bank system contains a CRT display system and hard copy system which allow visual evaluation of the 

data. 

 

5.2 Diagnosis using individual data 

Computer aided supervision of nuclear plants is based on comparisons between water chemistry data and the 

standard values which are determined from normal plant operations. As such it is characterized by stable 

evaluation without human errors. Major purposes of individual data evaluation are shown in Table 5.  Example 

graphical output from a data plotter connected to the data bank system is shown in Figure 10. 

Figure 10 

The upper limits of Cl-1 and O2 concentrations are determined to prevent SCC (stress corrosion cracking) of 

primary piping21). The concentration criteria for Fe and Co in the feed water are also determined to control the 

dose rate buildup around the primary cooling system22). These concentrations are controlled by the condensate 

water polishing system. During plant normal operation, the dose rate cannot be measured directly because of the 

disturbance of 16N radioactivity, so it is monitored by 60Co radioactivity in the reactor water. 

 

The relationships between these data and the abnormalities were shown in Figure 8, and for each relationship the 

design criteria can be determined for an individual plant. 

 

5.3 Diagnosis using combined data 

Computer aided diagnosis using a water chemistry data bank is characterized by speedy calculations for 

complicated processes rather than by simple evaluations of individual data, such as comparisons between data 

and standard values. In this system, more than two kinds of data are combined by using computer simulation 

models to obtain the indication values, which are compared with the standard values and then the plant current 

states are judged. Major diagnosis functions are listed in Table 6. 

Table 6 

The simulation model for each diagnosis is summarized in Table 7. Diagnosis of a fuel defect is dependent on a 

fission product release model, which is explained in detail later. Dose rate trends are evaluated by using the dose 

rate prediction model DR CRUD23), while abnormality diagnosis of condensers and demineralizers is determined 

by using cause-consequence tables. 

Table 7 

5.4 Fuel defect detection 

Fission product release from defective fuel pins shows three typical patterns corresponding to the defect size24). 

The patterns are indicated by an exponent determined by the following equation:   

    Ai/(Yiλi)b= K1λim .         (1) 

The relationship between the exponent index and the defect size is shown in Figure 11. 

 

Only gaseous fission products are released from small pin holes, while I is also released from the larger holes. 
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The defect size is divided into more detailed ranks by adding information25) on I concentration in the reactor 

water and Xe release rate through the off gas line. For this purpose the I concentration and Xe release rate are 

normalized by using the following equations: 

    G=K2 log (Axe-133/A*xe-133),     (2) 

  I=K3 log (CI-131/C*I-131),     (3) 

where G or I=1.0 if G or I>1.0, and G or I=0.0 if G or I<0.0. Equations (1)-(3) lead to a simple relationship 

between the water chemistry data and the fuel detect scales (Figure 12), which presents a problem to plant 

operators by requiring comparison of numbers so that a simple relationship should be proposed. 

Figure 12 

The indexes of Eqs. (1)- (3) are combined into one by using the following equation: 

   L=W1 Int ((G—m)/W2)+W2I     (4) 

By using the index L, the defect size is expressed simply in Table 8. 

Table 8 

 

5.5 Diagnosis of condensate demineralizer 

Relationship between resin leakage and water chemistry is shown in Figure 13.  Leaked resin is decomposed in 

the reactor water to generate SO4
2- and to decrease pH of the reactor water.   The pH decrease often causes 

IGSCC of reactor internals and dose rate increase. 

Figure 13

Figure 14 compares the correlation in the cooling water at three points, the condenser, the outlet of the 

condensate demineralizer, and the reactor. For example, intrusion of ion exchange resins or organic impurities 

into reactor water, does not affect the water chemistry in the upper stream of the feedwater heater in the primary 

coolant flow. However, H2SO4 or H2CO3 is produced in reactor water by the thermal and radiation decomposition 

of intruded resins or organic impurities which results in increased conductivity and decreased pH in the reactor 

water. As shown in Figure 14, combinations of the correlation at three points in the primary cooling system differ 

with the anomaly cause in the cooling system components. This suggests that the cause of the anomaly can be 

identified by analyzing the correlation between conductivity and pH data in the primary cooling system. 

Figure 14

In order to confirm the applicability of the proposed diagnosis model based on the correlation analysis between 

conductivity and pH, the correlations obtained by using actual plant data26) in the case of resin intrusion in reactor 

water were compared with those in Figure 14. Good agreement between correlations obtained theoretically and 

by using actual plant data shows that the diagnostic knowledge in Figure 14 is applicable to identifying the 

anomaly in primary cooling water. 

 

The diagnosis program for identifying anomaly causes in the primary cooling water was developed based on the 

concept shown in Figure 13.  The on-line diagnosis function was applied to diagnoses of actual US plant data. 

Figure 15 is a hardcopy of a display in which the conductivity in the reactor water is shown as a function of 

operating time for 1 month.  Spikes in the conductivity data are observed three times. 

 

As a result of evaluating the anomaly cause using Figure 14, it was concluded that the conductivity spike was 

caused by resin intrusion in the reactor water. This was reached by combination of the correlation pattern at the 
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outlet of the condensate demineralizer and the reactor. The suggested anomaly cause by using on-line water 

chemistry data was confirmed by using off-line water chemistry data, SO4
2- concentration in this case. The 

agreement between confirmed and predicted cause of the anomaly shows that the proposed diagnosis knowledge 

based on the correlation analysis between conductivity and pH data is applicable for early and automatic finding 

of the anomaly cause in the primary cooling water. 

 

5.6 Experiences with applications of the system 

The water chemistry data acquisition system and anomaly diagnosis system are operated in several BWR plants 

in Japan (Hamaoka, Tsuruga and Onagawa and others).  Details of the performance of the systems will be 

presented at the advanced stage of the program with plant utilities. 

 

6. Future subjects 

Over the years, there have been a lot of changes in water chemistry of BWR plants.   Water chemistry of BWRs 

is no longer just neutrality and high purity control.  Many water chemistry control measures can be selected 

from hydrogen water chemistry, noble metal chemical addition, zinc injection, weak alkali water chemistry and so 

on.  Water chemistry is also affected by the operational history of the plant.  Water chemistry of BWR plants 

should control to the typical plant targets, while the standards for anomaly diagnosis should be determined by 

recognizing the typical plant water chemistry control.  

 

In order to establish an anomaly diagnosis based on water chemistry data, information exchange should be 

promoted between the organizations and countries applying different water chemistry control.   From the 

viewpoint of BWRs, information on PWR water chemistry is also useful to understand future BWR water 

chemistry.   

 

7. Conclusions 

The conclusions of the paper are summarized as follows. 

1) A method to diagnose abnormalities on structural materials used in the primary systems of BWR plants was 

proposed.  

(1) The system consists of two parts; one is a system for data storage and processing (data acquisition system) 

and the other is a system for diagnosis using the processed data. 

(2) The diagnosis system is divided into two; one is diagnosis by use of individual data and the other is diagnosis 

by use of combined data. 

(3) Diagnoses for defected fuel and condensate demineralizer anomalies were demonstrated. 

2) International exchange of information on water chemistry experience is essential for future development of 

water chemistry in nuclear plants and anomaly diagnosis systems. 

 

References 

(1) Y. Ohsawa., et al.: Nucl. Technol., 23, 5 (1974). 

(2) F. Murata, et al.: ibid., 44, 104 (1979). 

(3) R. Gopal and W. Ciaramitaro, Prog. Nucl. Energy, 1, 759 (1979). 

(4) W. H. Doi, et al.: ibid., 1, 749 (1977). 

-10- 



Research Co-ordination Meeting on DAWAC (20-23, Nov. 2001, Smolenice Castle) 

(5) S. Sugiyama, et al.: Proc. 4th mt. Conf. on NED in Nuci. Industry, 117. 

(6) S. Uchida, et al.: Nuci. Technol., 40, 79 (1978). 

(7) K. Otoha, et al., J. Nucl. Sci. Technol., 34, 948 (1997) 

(8) S. Uchida, et al.: ibid., 23, 233 (1986) 

(9) Y. Asakura, et al., ibid., 29, 1120 (1992) 

(10) S. Uchida, et al.: ibid., 24, 535 (1987) 

(11) S. Uchida, et al.: ibid., 24, 247 (1987) 

(12) Y. Nishino, et al., Water Chemistry 6, 63 (1992) 

(13) N. Uetake, et al., Water Chemistry (Nice), 168 (1994) 

(14) T. Nizawa and T. Kitabata, Water Chemistry 4, BNES, London (1986) 

(15) S. Ashida, et al., Water Chemistry 7, BNES, London (1996) 

(16) J. Takagi, et al., Water Chemistry 7, BNES, London (1996) 

(17) M. Sekiguchi, et al., Water Chemistry 7, BNES, London (1996) 

(18) H. Takiguchi, et al., J. Nucl. Sci. Technol., 36, 179 (1999) 

(19) H. Goto, et al., Proc. 13th Sino-Japan Seminor on Nuclear Safety, Taipei (1998) 

(20) S. Murai, Proc. 7th Int. Con. on Nuclear Engineering, ICONE-7, JAME, Tokyo (1999) 

(21) N. Ohnaka, et al., NACE, 90 (1982) 

(22) Y. Takashima, et al., Hitachi Hyoron, 62, 663 (1980) (in Japanese) 

(23) S. Uchida, et al., J. Nucl. Sci. Technol., 17, 119 (1980) 

(24) F. J. Brutschy, AECK-1265 (1961) 

(25) N. Ishiwatari, et al., JAERI-M 8332 (1979) 

(26) Water Quality in Boiling Water Reactors, EPRI NP-1603 (1980) 

 

-11- 



Research Co-ordination Meeting on DAWAC (20-23, Nov. 2001, Smolenice Castle) 

List of Figures 
 

Figure 1  Locations of light water reactors in Japan 

Figure 2  The number of BWRs in Japan 

Figure 3  Optimal Water Chemistry Control 

Figure 4  Major roles of primary cooling water 

Figure 5  Material atlas of BWR primary cooling system 

Figure 6  Procedures applied for optimal water chemistry  

Figure 7  Analogy between human bodies and BWR plants 

Figure 8  Event tree analysis for causes-consequences of structural material and cooling water 

Figure 9  Basic structure of structure anomaly system 

Figure 10  Example of graphical output 

Figure 11  Plant record (medical record)  - Relationship between fuel leakage and water chemistry 

Figure 12  Basic pattern for fuel defect diagnosis 

Figure 13  Relationship between resin leakage and water chemistry  

Figure 14  Flow diagram for diagnosis of condensate demineralizer 

Figure 15  Change in reactor water conductivity with operating time 

 

-12- 



Research Co-ordination Meeting on DAWAC (20-23, Nov. 2001, Smolenice Castle) 

 

 

 

 

Figure 1  Locations of lighter water reactors in Japan

● : PWR in operation
★ : BWR in operation ☆ : BWR under construction / in planning

Ohma : ☆

Higashidori :☆

Onagawa : ★★☆

Tomari : ● ● ○

Tsuruga :●○○

Mihama :● ●●

Ohi :● ●●●

Takahama :● ●●●

lkata :● ● ●●

Genkai :● ●●●

Sendai :●●

Latest capacity

BWR total : 26 GWe

PWR total : 19 GWe

Nuclear total : 45 GWe

Fukushima Daiichi :★★★★★★

Fushushima Daini :★★★★

Tokai  :★

Kashiwazaki Kariwa :★★★★★★★

Shika : ★☆

Tsuruga :★

Hamaoka :★★★★☆

Shimane :★★☆

Figure 1  Locations of lighter water reactors in Japan

● : PWR in operation
★ : BWR in operation ☆ : BWR under construction / in planning

Ohma : ☆

Higashidori :☆

Onagawa : ★★☆

Tomari : ● ● ○

Tsuruga :●○○

Mihama :● ●●

Ohi :● ●●●

Takahama :● ●●●

lkata :● ● ●●

Genkai :● ●●●

Sendai :●●

Latest capacity

BWR total : 26 GWe

PWR total : 19 GWe

Nuclear total : 45 GWe

Fukushima Daiichi :★★★★★★

Fushushima Daini :★★★★

Tokai  :★

Kashiwazaki Kariwa :★★★★★★★

Shika : ★☆

Tsuruga :★

Hamaoka :★★★★☆

Shimane :★★☆

● : PWR in operation
★ : BWR in operation ☆ : BWR under construction / in planning

Ohma : ☆

Higashidori :☆

Onagawa : ★★☆

Tomari : ● ● ○

Tsuruga :●○○

Mihama :● ●●

Ohi :● ●●●

Takahama :● ●●●

lkata :● ● ●●

Genkai :● ●●●

Sendai :●●

Latest capacity

BWR total : 26 GWe

PWR total : 19 GWe

Nuclear total : 45 GWe

Latest capacity

BWR total : 26 GWe

PWR total : 19 GWe

Nuclear total : 45 GWe

Fukushima Daiichi :★★★★★★

Fushushima Daini :★★★★

Tokai  :★

Kashiwazaki Kariwa :★★★★★★★

Shika : ★☆

Tsuruga :★

Hamaoka :★★★★☆

Shimane :★★☆

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2  The number of BWRs in Japan
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Figure 3  Optimal Water Chemistry Control
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Figure 5  Material atlas of BWR primary cooling system 
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 Figure 7  Analogy between human bodies and BWR plants
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Figure 8  Event tree analysis for causes-consequences of structural materials and cooling water
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Figure 9  Basic structure of structure anomaly system
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Figure 10  Example of graphical outputFigure 10  Example of graphical output
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Figure 13  Relationship between resin leakage and water chemistry 
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Figure 15  Change in reactor water conductivity with operating time
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Table 1  List of BWR power plants in Japan

Power company Plant BWR type Power Commercial
(MWe) operation started

Tohoku Electric PC Onagawa-1 BWR-3 524 6/84
Onagawa-2 BWR-4 825 7/95

Japan Atomic PC Tsuruga-1 BWR-2 357 3/70
Tokai-2 BWR-5 1,160 11/78

Tokyo Electric PC Fukuishima Daiichi - 1 BWR-3 460 3/71
Fukuishima Daiichi - 2 BWR-3 784 7/74
Fukuishima Daiichi - 3 BWR-4 784 3/76
Fukuishima Daiichi - 4 BWR-4 784 10/78
Fukuishima Daiichi - 5 BWR-4 784 4/78
Fukuishima Daiichi - 6 BWR-5 1,100 10/79
Fukuishima Daini - 1 BWR-5 1,100 4/82
Fukuishima Daini - 2 BWR-5 1,100 2/84
Fukuishima Daini - 3 BWR-5 1,100 6/85
Fukuishima Daini - 4 BWR-5 1,100 8/87
Kashiwazaki Kariwa -1 BWR-5 1,100 9/85
Kashiwazaki Kariwa -2 BWR-5 1,100 9/90
Kashiwazaki Kariwa -3 BWR-5 1,100 9/85
Kashiwazaki Kariwa -4 BWR-5 1,100 8/93
Kashiwazaki Kariwa -5 BWR-5 1,100 4/94
Kashiwazaki Kariwa -6 ABWR 1,356 11/96
Kashiwazaki Kariwa -7 ABWR 1,356 7/97

Chubu Electric PC Hamaoka-1 BWR-3 540 3/76
Hamaoka-2 BWR-4 840 11/78
Hamaoka-3 BWR-4 1,100 8/87
Hamaoka-4 BWR-5 1,137 9/93

Hokuriku Electric PC Shika-1 BWR-4 540 7/93
Chugoku Electric PC Shimane-1 BWR-3 460 3/74

Shimane-2 BWR-4 820 2/89
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Table 2  Historic aspects of water chemistry and radiation control in BWRs

period major events water chemistry & radiation control

1 observation of fuel cladding defects fission product control
(before 1975) radioactive effluent increase

2 IGSCC occurrence impurity control
(1975 - 1980) occupational exposure increase oxygen injection

3 iron crud reduction improving operation procedures of 
(1980 - 1985) condensate demineralizer

Japanese Improvement and dual condensate demineralizer
Standardization Program low cobalt containing materials

4 BWR plants with low shutdown Ni/Fe ratio control
(1985 - 1990) shutdown radiation level

5 60Co increasing at the latest advanced Ni/Fe ratio control
(after 1995) operating cycle ultra low Fe concentration control

commercial operation of ABWRs 
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Table 3  Countermeasures from the viewpoint of water chemistry

・HWC ・・・Reduce the concentration of oxidant

・NMCA ・・・Enhance the decrease of ECP

Under development

Hamaoka-1 Sept. 2000

Fukushima 2-3 Apr. 2001

▼ : short term HWC test 
: continuous application of HWC 

plant  reactor  power commercial HWC test & application  
type (MWe) operation ‘92 ‘93 ‘94  ‘95 ‘96  ‘97  ‘98 

Fukushima 1-1 BWR-3 460 '71 ▼
Fukushima 1-2 BWR-4 784 '74 ▼
Fukushima 1-3 BWR-4 784 '76 ▼
Fukushima 1-4 BWR-4 784 '78 ▼
Fukushima 1-5 BWR-4 784 '78 ▼
Fukushima 1-6 BWR-5 1,100 '79 ▼
Tsuruga-1 BWR-2 357 '70 ▼
Tokai-2 BWR-5 1,100 '78 ▼
Hamaoka-1 BWR-4 784 '76 ▼
Hamaoka-2 BWR-4 784 '78 ▼
Shimane-1 BWR-3 460 '74 ▼
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Table 4  High temperature sensors for BWR anomaly detection

plants power reactor plant sensor monitor/test (reference)
(Mwe) types utilities location

Fugen 165 ATR JNC AC ECP1 (14) 
SSRT

Fukushima 1-3 784 BWR-4 TEPCO LPRMH ECP1, ECP2 (15) 
AC ECP1, ECP3

Fukushima 1-5 784 BWR-4 TEPCO BD ECP1 (16) 
AC ECP1, CT

Tsuruga-1 357 BWR-2 JAPC LPRMH ECP1, ECP2 (17) 
BD ECP1, ECP2 (18)
AC ECP1, SSRT/CT

Tokai-2 1,100 BWR-5 JAPC BD ECP1, ECP2 (18) 
ECP4

Shimane-1 460 BWR-3 Chugoku BD ECP1 (19)
KK - 7 1,356 ABWR TEPCO BD ECP1 , ECP5 (20)

KK: Kashiwazaki Kariwa ATR: advanced thermal reactor ABWR: advanced BWR
AC: autoclave BD: bottom drain LPRM: local power range monitor housing
ECP: electrochemical corrosion potential ECP1: ECP(Ag/AgCl) ECP2: ECP(Pt)
ECP3: ECP(Cu/CuO2) ECP4: ECP(Fe/Fe3O4) ECP5: ECP(type is not reported)
SSRT: slow strain rate test CT: compact tension
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Figure 5   Diagnosis of abnormalities by use of individual data
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Table 6  Diagnosis of abnormalities by using combined data

function 

fuel defect 
detection

dose rate 
trend

condenser 
abnormality

demineralizer 
abnormality 

stress corrosion 
cracking

computer 
simulation 
model

fission product 
release model

dose rate 
prediction

cause-
consequence
table

cause-
consequence 
table
water radiolysis 
model

measured items

feed water reactor water off gas operation

metal others radio- metal others radio- power others
impurity activity impurity activity

Fe 131I 133Xe power

Fe, Co 60Co conduct-
ivity

Cl-, O2
conduct- 16N

ivity

Fe, Co conduct- 60Co Fe, Co conduct- regeneration 
　 ivity ivity, pH　 history

O2, H2O2, pH
conductivity
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Table 7  Simulation model

function computer main features
simulation model 

fuel defect fission product 1) identify defect pattern using noble gas release mode
detection release model 2) determine defect size using 133Xe and 131I release rates

dose rate dose rate trend 1) calculate Fe and Co input into reactor from
trend prediction model their measured concentrations

2) calculate 60Co accumulation on piping by DR CRUD

condenser cause-consequence 1) causes: sea water leakage, air leakage
abnormality table 2) consequences: Cl-, O2, N2 concentrations

demineralizer cause-consequence 1) causes: efficiency decrease, resin leakage
abnormality table 2) consequences: Fe, Co concentrations, conductivity, pH

stress corrosion water radiolysis 1) calculate concentrations of radiolytic species 
cracking model 2) calculate corrosion environment

3) estimate IGSCC occurrence and propagation
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0-2 no defects none (fission products caused from suspended U, such as
UO2 contamination of cladding and U as an impurity in crud)

2-3 pin holes (small) frequent monitoring of water qualities is requested 
to watch defect scale spread

-4 pin holes (medium) location of the defective fuel assembly should be determined

4-6 pin holes (large) the defective fuel assembly must be taken out during
the next scheduled shutdown period

6-8 pin holes (huge) the reactor must be shutdown to take out
the defective fuel assembly

8- crack the reactor should be shut down to take out
the defective fuel assembly
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Abstract 
Methodology for LWR plant diagnosis systems based on water chemistry data and expert tools 
have been discussed in collaborative R&D programs of plant operator utilities and plant 
manufacturers and combinations of data acquisition devices and computer packages have been 
proposed for plant application.    
 
Data acquisition, processing and evaluation systems have been applied in major PWRs and BWRs 
in Japan for reliable and quick data acquisition with savings in manpower in plant chemical 
laboratories and smooth and reliable information transfer from chemists to plant operators and 
supervisors.  Unfortunately, plant diagnosis systems have been applied in only restricted areas and 
they have only limited purposes in operating power plants.   
 
In a survey of the latest experiences with Japanese plant utilities which apply water chemistry data 
acquisition, processing, evaluation and diagnosis systems, the following items were noted.  

1) X-ray fluorescence analyses and ion chromatographs were widely applied in automatic  
chemical analysis procedures which were connected with data processing computers. 

2) Water chemistry data were stored in PC base-data storage systems along with other major 
plant data to evaluate reliabilities of the data themselves by cross checking, to process them 
for periodically written official documents and to systemize them in data files for easy 
searching. 

3) Clear data displays were effectively applied to support quick response to instances of fuel  
leakage and long-term analysis for better understanding of the plant’s own water chemistry  
responses. 
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1. Introduction 

More than 35 % of the electricity generated in Japan is from nuclear power plants1),2).  As the number of nuclear 

power plants has gone up, experiences with reliable plant operation have been accumulated, and preventive 

maintenance has come to be seen as critical to maintaining reliability against aging degradation of structural 

materials in power plants1),2). 

 

Water chemistry is not only one of the most important parameters to maintain the plant reliability but also one of 

the most important indexes to measure plant operational conditions.  Water chemistry improvements, e.g., 

hydrogen water chemistry in BWRs and suitable pH controls in PWRs, have been applied as suitable options for 

preventive maintenance1). 

 

Massive amounts of water chemistry data are collected in nuclear power plants to measure the plant operational 

conditions at every moment.  Data acquisition, processing and evaluation systems have been applied in major 

BWRs and PWRs for reliable and quick data acquisition with savings in manpower in plant chemical laboratories 

and smooth and reliable information transfer from chemists to plant operators and supervisors.  Though water 

qualities are different in BWR and PWR systems, the latest data acquisition procedures have much in common in 

both systems. 

 

The anomaly diagnosis system of structural materials based on water chemistry data has been considered as one 

of the important procedures for maintaining plant reliability.  Methodologies for plant diagnosis systems based 

on water chemistry data and expert tools have been discussed in collaborative R&D programs between plant 

operator utilities and plant manufacturers, and combinations of data acquisition devices and computer packages 

for expert systems have been proposed for plant applications2),3).  Unfortunately, plant diagnosis systems have 

been applied in only restricted areas and they have only limited purposes in operating power plants.   

 

In this paper, major roles of cooling water and major purposes of water chemistry control are reviewed in 

Japanese BWR and PWR plants and then their differences and common points are discussed.  Data acquisition 

and evaluation systems in both type plants are compared to discuss their differences and commonalities.  

Approaches to diagnosis of water chemistry data as well as procedures for water chemistry data application for 

plant control are reviewed.   

 

2. Latest concerns of water chemistry in LWRs 

2.1 Major roles of cooling water in LWRs 

The most important roles of cooling water of light water reactors are as energy transporting medium and neutron 

moderating medium.  With light water as coolant in nuclear power plants, the resulting high temperature water 

causes corrosion of structural materials, which leads to adverse effects in the plants, e.g., increasing shutdown 

radiation, generating defects in materials of major components and fuel claddings, and increasing the volume of 

radwaste sources.  In Figs. 1 and 2, major roles of BWR and PWR primary cooling water are summarized4),5). 

Fig. 1 & Fig. 2 

Both reactor systems differ in heat transporting systems.  Materials in contact with the coolant also differ in both 

systems.  Wetted surfaces of structural materials in BWR and PWR cooling systems are compared in Fig. 31).  
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Fig. 3 

2.2 Material atlas of cooling systems of LWRs  

Distributions of materials in contact with the coolant also differ in both systems.   Material atlases are shown in 

Figs. 4 & 5.  In each system, cooling water with uniform quality is in contact with different materials, which 

complicates corrosion problems.  Corrosion behaviors are much affected by water qualities and differ according 

to the combinations of water qualities and the materials themselves.   

Fig. 4 & Fig. 5 

2.3 Optimal water chemistry 

In order to control the adverse effects shown in Figs. 1 & 2, it is essential to understand corrosion behaviors of 

structural materials and then to control them in both systems.  Corrosion behaviors are much affected by the 

combinations of water qualities and materials.  In order to minimize the adverse effects, optimal water chemistry 

control has been proposed as shown in Fig.65).   

Fig. 6 

 

3. Water chemistry data acquisition, processing and evaluation systems 

Cooling systems, major components and water chemistry differ in BWR and PWR plants.  Procedures to 

measure water chemistry are also different in both systems.   Firstly, the differences are reviewed and then the 

common corrosion behaviors and procedures are discussed. 

 

3.1 BWR water chemistry data acquisition system 

High temperature sensors have been developed for application in power plants, but only a few applications have 

been reported.  In order to determine water qualities, e.g., pH, conductivity and oxygen concentration, cooling 

water to be measured is cooled down and depressurized for application of proven on-line sensors.  For more 

detailed measurements, cooled and depressurized water is sampled and brought to a chemical laboratory in the 

plants for chemical and radioactive nuclide analyses.  Locations for in-line monitoring and sampling in BWRs 

are shown in Fig. 7 and major procedures for water chemistry data analysis are summarized in Fig. 81).   

Fig. 7 & Fig. 8 

It is easy how to take data from the in-line monitors into the computer systems; water chemistry data from the 

sampled water used to be inputted into the computer system by plant chemists through keyboard entry.  Large 

improvements have been reported in the latest plants on automatic analysis of chemical and radioactive nuclide 

data.  Chemical species and radioactive nuclides collected on membrane filters are analyzed by X-ray 

fluorescence analyzer and gamma ray spectrometer, respectively, and then the measured data are transferred from 

the analyzers to the computer system directly1).   Accumulated data are stored in a host computer (data server) 

allowing easy observation of plant water chemistry.   The data numbers are also reduced to be compiled for 

daily, weekly and monthly documents (reports).  Plant chemists, operators and supervisors through the computer 

network share the original data and also the reduced data.  On-line ion chromatographs have been applied in 

plants for fully automatic data acquisition for the concentrations of anion and cation species, where the data are 

transferred to the laboratory data server through floppy disks or in the direct connection through the computer 

network6). .  A schematic diagram of the data acquisition system in Hamaoka Nuclear Power Plants (BWRs) is 

shown in Fig. 97).  The water chemistry data server is the center of the water chemistry data net work system, 

connecting with the operation and control computer systems to take plant operational data and to give water 
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chemistry conditions to plant operators.  It also connects with the laboratory server to take chemical and 

radioactive nuclide data and on-line ion chromatograph data and to give plant historical data to the chemists in 

the laboratory.   Mobile terminals carried by operators or patrols are used to collect plant chemical data and 

plant operational data from devices throughout the plant.   

Fig. 9 

Major features of the on-line ion chromatograph in Hamaoka Nuclear Power Plants are shown in Fig. 10. 

Fig. 10 

Other instruments to obtain water chemistry and concerned data are summarized in Table 1.   

Table 1 

Data processing, evaluation and diagnosis systems in BWR plants are shown in Table 2.  Water chemistry data 

stored in the server are compared with the past trend data and confirmed by plant chemists.  The data numbers 

are reduced and compiled for daily, weekly and monthly documents.   Trend and transient analyses are 

important evaluation procedures.  General patterns of the data are compared with those of other plant data.  

Fuel integrity checking is one of the most important procedures for plant chemists and an important concern for 

plant operators and supervisors. 

Table 2 

3.2 PWR water chemistry data acquisition system 

In PWRs, water chemistry is different in the primary and secondary cooling systems.  Major concerns of water 

chemistry in the primary cooling system are to control boron concentration to maintain the reactor reactivity and 

then to control radioactive corrosion products to keep a lower shutdown dose rate.  The main concern in the 

secondary cooling system is to keep a suitable pH, which maintains sufficient integrity of the steam generator 

tubing. 

 

In order to determine water qualities, e.g., concentrations of boron, lithium, hydrogen, oxygen and other anions 

and cations, pH, and conductivity, cooling water to be measured is cooled down and depressurized for application 

of proven on-line sensors the same for BWRs.  For more detailed measurements, cooled and depressurized 

water is sampled for chemical and radioactive nuclide analyses.  Locations for in-line monitoring and sampling 

in PWRs are shown in Fig. 11.   Major procedures for water chemistry data analysis are the same as for BWRs 

shown in Fig. 8.   

Fig. 11 

Chemical species and radioactive nuclides collected on membrane filters are analyzed with an X-ray fluorescence 

analyzer and gamma-ray spectrometer.   Accumulated data are stored in the host computer (work station) to 

allow easy observation of plant water chemistry.   On-line ion chromatographs have been applied in plants for 

fully automatic data acquisition of anion and cation species in the steam generator secondary water, where the 

data are transferred to the work station through the computer network8).  A schematic diagram of the data 

acquisition system in Mihama Nuclear Power Plant (PWRs) is shown in Fig. 12.   

Fig. 12 

Major features of the on-line ion chromatograph in the Mihama Nuclear Power Plant are shown in Fig. 13.  The 

same vender as for the Hamaoka Nuclear Power Plant supplied the on-line ion chromatograph system.  

Fig. 13 

Other instruments to obtain water chemistry data in PWR primary and secondary cooling systems 
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are summarized in Table 3.   

Table 3 

Data processing, evaluation and diagnosis systems in PWR plants are shown in Table 4.  Water chemistry data 

stored in the server are compared with the past trend data and confirmed by plant chemists.  The data numbers 

are reduced for daily, weekly and monthly documents.   Fuel integrity checking is one of the most important 

procedures for plant chemists and an important concerns for plant operators and supervisors.  Crevice pH 

evaluation is another important procedure for plant chemists to maintain integrity of the steam generator tubing.   

Table 4 

 

4. Water chemistry control 

Three of four adverse effects of cooling water are compared for BWR and PWR systems. 

 

4.1 Radioactive corrosion product control 

The major radioactive nuclides to determine the shutdown dose rate in BWR primary cooling system is 60Co, 

which is fed through the feed water into the reactor water, activated on the fuel surface and then released into the 

reactor water again to deposit on primary piping and to cause the shutdown dose rate.  Corrosion product 

behaviors in BWRs, e.g., generation, activation, and accumulation, are shown in Fig. 144). 

Fig. 14 

The major radioactive nuclide in PWR primary system is 58Co, which is obtained from the nickel alloy of the 

steam generator tubing, activated on the fuel surface and then released into the reactor water again to accumulate 

in the steam generator and to cause the shutdown dose rate.  Corrosion product behaviors in PWRs are shown in 

Fig. 151). 

Fig. 15 

Major phenomena of corrosion product behaviors in the primary cooling water in BWR and PWR systems are 

compared in Table 5, along with major parameters and mechanisms to determine the phenomena and their 

calculation models.   

Table 5 

Major shutdown dose rate reduction procedures for BWR and PWR systems and procedures for evaluate dose 

rate trends are summarized in Table 6.  Suitable pH control and Zn injection are the latest countermeasures 

minimizing the shutdown dose rate.  Surface treatment for prevention of radioactive corrosion products 

formation is also a common technology applied in BWRs and PWRs1). 

Table 6 

4.2 Fuel integrity evaluation 

Fuel integrity is essential to minimize gaseous radioactive effluent.  Radioactive nuclides in off gas in BWRs 

should be monitored to evaluate presence of fuel defects.  Radioactivity of 131I in reactor water is also monitored 

in BWRs.  Radioactive nuclides in cover gas of the pressurizer in PWRs should be monitored to evaluate 

presence of fuel defects.  Radioactivity of 131I in the reactor water is also monitored in PWRs.  Even if there are 

no fuel defects in the core, very small amounts of radioactive fission products are released into the gas phase and 

the reactor water, when the source of fission products is mainly fuel contamination of UO2 during the fuel 

fabrication process.  Fission of uranium at the fuel surface causes the typical recoil pattern in fission product 

release shown in Fig. 169), while fission products released from fuel through small pin holes cause the typical 
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equilibrium pattern and those released through larger cracks cause the typical diffusion pattern.  Early detection 

of fuel defects and determination of their sizes for BWR and PWR systems can be evaluated by analyzing fission 

product release patterns and 131I radioactivity in the reactor water10).   

Fig. 16 

4.3 Evaluation of steam generator tubing  

One of the most severe problems of steam generators (SG) is intergranular attack (IGA) of tubing, especially that 

in crevice between tubing and tube support plate.  Even if the steam generator tubing has been replaced with 

tubing made of corrosion resistant materials, continuous attention should be paid to IGA of tubing, especially in 

the crevice region.  From evaluation of corrosion of steam generator tubing, it was concluded that both higher 

and lower pH values enhanced IGA (Fig. 17).  In order to prevent IGA of steam generator tubing, pH in the 

steam generator secondary water, especially that in the crevice, should be controlled in the suitable range from 

pH300C 5 through 10. 

Fig. 17 

It is not so difficult to control pH300C of bulk water in the optimal range.  However, control of pH in the crevice 

water is hard.  In order to control the crevice pH300C in the optimal range, five steps of approaches are proposed 

as follows11). 

 1) The concentrations of ionic species in the crevice water are determined by using the concentration factors  

 of ionic species from the bulk water into the crevice and their measured concentrations in the bulk water. 

 2) The pH300C in the crevice water is calculated by using the concentration of ionic species in the crevice  

 water.  

 3) The relationship between the pH300C in the crevice water and the concentrations of ionic species in the  

 bulk water is obtained.  

 4) The concentrations of ionic species in the bulk water is measured and controlled to maintain the pH300C 

   in the crevice water in the optimal range.  

 5) Environmental parameters defined as group data of ionic species, e.g., total cation, total anion and sulfate  

 concentration, are calculated and the relationship between the pH300C in the crevice water and the  

 environmental parameters are obtained.  

Evaluation procedures are summarized in Fig. 1811).   

Fig. 18 

As a result of crevice simulation experiments, the concentration factor into the crevice for each species has been 

determined and then the relationship of pH300C, the concentrations and the environmental parameters have been 

obtained, and are shown in Fig. 1911).   

Fig. 19 

An environmental parameter, ΣC/[SO4], was selected as the most suitable parameter to control the pH300C. 

It was confirmed that the environmental parameter, ΣC/[SO4], was kept at more than 1.0 to get the desired pH300C 

range in the crevice water (Fig.20) 11). 

Fig. 20 

The concentrations of ionic species are continuously monitored with an on-line ion chromatograph and they are 

controlled to keep the environmental parameter, ΣC/[SO4], at more than 1.0 to prevent loss of steam generator 

integrity11). 
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At the same time, any defects in steam generator tubing are monitored by 16N detection at the main steam line.   

A few CsI scintillation counters are in operation at the main steam line to monitor the surface dose rates at the 

main steam piping and their gamma-ray spectra, which are affected by 16N increase because of the tubing defects 

(Fig. 21).   

Fig. 21 

 

5. Diagnostic system 

5.1 Latest status of diagnostic system 

Methodologies for plant diagnosis systems based on water chemistry data and expert tools have been developed 

in collaborative R&D programs between plant operator utilities and plant manufacturers.  Combinations of data 

acquisition devices and computer packages have been proposed for plant application3),12)-14).  Unfortunately, 

plant diagnosis systems have been applied in only restricted areas and serve limited purposes due to the lower 

estimated benefits against higher facility cost and poor reliability.  Much experience with the systems should be 

accumulated by their trial applications in plants for their regular use in the future. 

 

Many water chemistry data are accumulated in the water chemistry database connected with data acquisition, 

processing and evaluation systems.  The original data and reduced data give plant chemists much important 

information on plant operational conditions.  In order to ensure good judgments of the plant chemists for 

modification of operational procedures and application of countermeasures against abnormal events, plant experts 

and plant chemists have suitable long / medium term judgment bases obtained from reduced and processed water 

chemistry data. 

 

A basic diagram of water chemistry data evaluation, processing and diagnosis systems, applied in Tsuruga 

Nuclear Power Plant, is shown in Fig. 22.  The computer system used with data acquisition system is 

successfully applied to data reduction.   Short-term judgments depend on plant experts.  Detection of fuel 

defects using water chemistry data is one typical example of a short-term judgment. 

Fig. 22 

 

5.2 Application for medium/long-term data evaluation 

An example of medium/long-term data evaluation based on water chemistry data evaluation, processing and 

diagnosis systems is shown in Fig. 23.  In order to reduce shutdown dose rate for lowered occupation exposure, 

water chemistry, especially iron concentration in the feed water, is still very important.  In this figure, raw data 

are shown first (top right).  It was difficult to get important information from these data, so they were replotted 

as the relationship between the concentrations of iron in the feed water and cobalt in the reactor water (second 

left).  But this relationship was still too unclear to get important information.   

Fig. 23 

There was some time discrepancy between sampling times for the feed water and the reactor water.  Data 

interpolation was carried out for both cobalt and iron to compare each concentration at the same time (second 

right), which makes the relationship clearer.   During the start-up period, cobalt bursts were often observed.  

So, all data measured during plant shutdown period were omitted (bottom left).  Finally, all data obtained during 

HWC were omitted (bottom right).   A fairly clear relationship between the concentrations of iron in the feed 
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water and cobalt in the reactor water was obtained showing that cobalt concentration is in proportion to iron 

concentration when the iron concentration is higher than 0.5 ppb, while it is increasing as iron concentration 

decreases when the iron concentration is lower than 0.5 ppb.    

A variety of applications of the medium/long-term data evaluation system for easy observation of water chemistry 

can be proposed. 

 

6. Discussion 

Water chemistry data acquisition, processing and evaluation systems are based on on-line water chemistry 

monitors, on-line ion chromatographs and off-line chemical and radioactive nuclide analysis equipment and a 

computer network joining the measurement tools and database systems.   As a result of frequent information 

exchanges between plant chemists at different power plants and much effort to obtain reliable data and data 

reduction for quick review of complicated water chemistry data, advanced technologies developed in one plant 

have spread very quickly to other plants in Japan and reliable water chemistry data acquisition, processing and 

evaluation systems are established in both BWRs and PWRs.  

 

Data evaluation procedures differ in BWRs and PWRs, while analytical instruments used in both systems are 

quite similar.   Final goals of water chemistry monitoring and control are almost the same, reduction of 

shutdown dose rate and maintaining integrities of structural materials and fuel cladding for reliable plant 

operation. 

 

Many information exchanges between plants are desirable for system developments and technical transfer 

between plants, which may lead to cause development of future plant diagnosis systems using water chemistry 

data.    

 

7. Summary 

The main points are summarized as follows. 

1) Computer aided data acquisition, processing and evaluation systems are widely applied in BWR and PWR 

plants in Japan. 

2) X-ray fluorescence analyzers and ion chromatographs are widely applied for automatic water chemistry data 

acquisition systems along with in-line water chemistry sensors.  

3) Reduced numbers of data in the computer system are applied for shutdown dose rate evaluation, fuel defect 

detection and failure detection of major components, e.g., steam generator tubing. 

4) Plant diagnosis systems, e.g. expert systems, have been applied in only restricted areas and so serve limited 

purposes due to the lower benefit against cost. 

 

Abbreviation 

BWR: boiling water reactor 

CD: condensate demineralizer 

CE: conductivity 

CRD: control rod drive 

CUWF/D: filter and demineralizer for reactor water clean-up system 
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HP heater, LP heater: high pressure feed water heater, low pressure feed water heater 

HP turbine, LP turbine: high pressure turbine, low pressure turbine 

HWC: hydrogen water chemistry 

IGA: intergranular attack 

LAN: local area network 

LWR: light water cooled reactor 

PWR: pressurized water reactor 

RN: radioactive nuclide 

RPV: reactor pressure vessel 

SG: steam generator 
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Fig. 2  Major roles and adverse effects of PWR primary and secondary cooling water
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Fig. 3  Wetted surfaces of structural materials of 
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Fig. 4  Material atlas of BWR primary cooling system 
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Fig. 5  Material atlas of PWR primary and secondary cooling systems
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Fig. 7  Locations for in-line monitoring and sampling
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Fig. 9  Water chemistry data acquisition systems (BWR plants)
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Fig. 10  On-line ion chromatograph (BWR plants)
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calibration cycle: every month
manufacturer: Dionex + Nikkiso
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Fig. 11  Locations for in-line monitoring and sampling (PWR plants)
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Fig. 12  Water chemistry data acquisition systems (PWR plants)
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Fig. 13  On-line ion chromatograph  (PWR plants)
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sampling flow rate: 300 ml/min (measured: 10ml/min)
sampled volume: 40 ml
calibration cycle: every two months
manufacturer: Dionex + Nikkiso
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Fig. 16  Fuel integrity evaluation 
Relationship between fuel leakage and water chemistry (BWR and PWR plants)
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Fig. 18  Evaluation of steam generator tubing (2) 
Crevice pHt evaluation procedures 
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Fig. 19  Evaluation of steam generator tubing (3) 
Relationship between environmental parameters and crevice pHt
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Relationship between environmental parameters and crevice pHt
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IGA sensitivity diagram 
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Fig. 21  Evaluation of steam generator tubing (5) 
On-line monitoring of tubing defects
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Fig. 22  Basic diagram of water chemistry data evaluation, processing and diagnosis systems
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Table 1  Other instruments to obtain WC data (BWR plants)

Ge(Li) : Ge(Li) semiconductor detector LSC: liquid scintillation counter 
XFS: X-ray fluorescence spectrometry TOC: total organic carbon detector
AAS: atom absorption spectrometry SP: spectrophotometer
ICP: induction coupled plasma spectroscopy IC: ion chromatograph
ICP-MS: ICP mass spectroscopy NaI(Tl) : NaI(Tl) scintillation counter

Item instrument sampled volume data transfer
γ-ray spectroscopy Ge(Li) 100-500 ml on line

detection of β emitters LSC: 40 ml touch panel
metallic impurities XFS 10-100 l FD
others TOC touch panel
backup AAS, SP touch panel

ICP, ICP-MS touch panel
IC touch panel
NaI(Tl) touch panel

conductivity on line / mobile terminal
pH on line / mobile terminal 

[O2] on line / mobile terminal
[H2] on line / mobile terminal
main steam radiation on line / mobile terminal
off gas nuclide on line / mobile terminal
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Table 2  Data processing, evaluation & diagnosis systems (BWR plants)

system actions taken
data processing data confirmation

trend analysis
report [daily, weekly and monthly water chemistry data report] 
record

data evaluation trend analysis
transient analysis
comparison of plant differences
fuel integrity check 

diagnosis long term trend forecast
effects of water chemistry improvements
R&D of diagnosis system [expert system] was terminated
future applications under consideration 

Improvements resulting from application of the systems
fuel integrity check, dose rate reduction, radwaste volume reduction

Future tasks
mobile ion chromatography ,
expert system if cost benefit analysis is favorable
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Table 3  Other instruments to obtain WC data (PWR plants)

Ge(Li) : Ge(Li) semiconductor detector LSC: liquid scintillation counter 
XFS: X-ray fluorescence spectrometry TOC: total organic carbon detector
AAS: atom absorption spectrometry SP: spectrophotometer
ICP: induction coupled plasma spectroscopy IC: ion chromatograph
ICP-MS: ICP mass spectroscopy NaI(Tl) : NaI(Tl) scintillation counterb

Item instrument sampled volume data transfer
γ-ray spectroscopy Ge(Li) 100-500 ml on line
detection of β emitters LSC 40 ml on line
metallic impurities XFS off line 
others TOC off line
backup AAS, SP off line

ICP, ICP-MS off line
IC on line
NaI(Tl) on line

conductivity on line
pH on line 
[O2] on line
[H2] on line
main steam radiation on line
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Table 4  Data processing, evaluation & diagnosis systems (PWR plants)

system actions taken
data processing data confirmation

trend analysis
report [daily, weekly and monthly water chemistry data report] 
record

data evaluation trend analysis
transient analysis
comparison of plant differences
fuel integrity check, SG tubing integrity check 

diagnosis long term trend forecast
effects of water chemistry improvements
R&D of diagnosis system [expert system] was terminated
future applications under consideration 

Improvements resulting from application of the systems
fuel integrity check, dose rate reduction, 
crevice pH evaluation, SG tubing integration check

Future tasks
mobile ion chromatography ,
expert system if cost benefit analysis is favorable
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Table 5  Major phenomena of corrosion product behaviors
Primary cooling systems of PWRs and BWRs

step  phenomena　　 PWR BWR major parameters mechanism /model
generation corrosion　 SG tubing condenser T, pH, [O2], [H2] elecrotrochemistry 　

erosion SG tubing 　 turbine 　 T, [O2], velocity 　 　 cavitation erosion model
removal ion exchange clean-up system clean-up system velocity　　　　　　　 coulomb potential model　

absorption　　　-　　　　　 clean-up system pH, velocity,p article size physical/ chemical absorption
　 filtration　　　 clean-up system clean-up system pH, velocity, particle size size separation
transfer　 change  in 　 primary systems -　　　 T, pH　　　　　　 differential concentration
　　　　　 chemical form 　-　　　　 primary systems T, [O2] 　　 thermal equilibrium model
　　 adsorption　　　-　　　　 primary systems T, pH, [O2] 　　 thermal equilibrium model
activation deposition fuel -　　　　 T, pH, velocity collision probability model

(crud) -　　　　 fuel　　　 heat flux, particle size microlayer evaporation & drying 
(ionic) fuel　 fuel　　　　 T, pH 　　　　 thermal equilibrium model

release (crud) fuel　 fuel　　　　 T, pH, velocity mechanical release
(ionic) fuel　 fuel　　　　 T, pH differential concentration

neutron irradiation fuel fuel neutron flux, time　 nuclear reaction
release from internals reactor internals reactor internals T, pH 　　　 thermal equilibrium model

accumulation deposition
(crud) SG tubing -　 pH, velocity, particle size differential concentration

　　 (ionic) - primary systems T, pH, velocity collision probability model
　 release (crud) SG tubing -　 T, pH, [O2], [H2] , velocity mechanical release 　
　 (ionic) SG tubing -　 　　 T, pH 　 thermal equilibrium model
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Table 6  Shutdown radiation level control & evaluationTable 6  Shutdown radiation level control & evaluation
(BWR and PWR plants)

BWR PWR

to control [Fe] in FW to control accumulation 
[ultra low / suitable concentration] [optimal pHt] 

to control accumulation to control accumulation
[Zn injection] [Zn injection]
[surface treatment] [surface treatment]
[optimal pH] 

to monitor [60Co], metallic species to monitor [58Co], pH

(BWR and PWR plants)

BWR PWR

to control [Fe] in FW to control accumulation 
[ultra low / suitable concentration] [optimal pHt] 

to control accumulation to control accumulation
[Zn injection] [Zn injection]
[surface treatment] [surface treatment]
[optimal pH] 

to monitor [60Co], metallic species to monitor [58Co], pH
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Abstract 

Data acquisition, processing and evaluation systems have been applied in major Japanese PWRs and 

BWRs to provide (1) reliable and quick data acquisition with manpower savings in plant chemical 

laboratories and (2) smooth and reliable information transfer among chemists, plant operators, and 

supervisors.  Data acquisition systems in plants consist of automatic and semi-automatic instruments for 

chemical analyses, e. g., X-ray fluorescence analysis and ion chromatography, while data processing 

systems consist of PC base-sub-systems, e. g., data storage, reliability evaluation, clear display, and 

document preparation for understanding the plant own water chemistry trends.  Precise and reliable 

evaluations of water chemistry data are required in order to improve plant reliability and safety.  For this, 

quality assurance of the water chemistry data acquisition system is needed.  At the same time, 

theoretical models are being applied to bridge the gaps between measured water chemistry data and the 

information desired to understand the interaction of materials and cooling water in plants.      Major 

models which have already been applied for plant evaluation are: 

(1) water radiolysis models for BWRs and PWRs; 

(2) crevice radiolysis model for SCC in BWRs; and 

(3) crevice pH model for SG tubing in PWRs. 

High temperature water chemistry sensors and automatic plant diagnostic systems have been applied in 

only restricted areas.   ECP sensors are gaining popularity as tools to determine the effects of hydrogen 

injection in BWR systems.  Automatic plant diagnostic systems based on artificial intelligence will be 

more popular after having sufficient experience with off line diagnostic systems.   
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1. Introduction 

More than 35 % of the electricity generated in Japan is from nuclear power plants 1)-4).  As the number of 

nuclear power plants has gone up, experiences with reliable plant operation have been accumulated, and 

preventive maintenance has come to be seen as critical to maintaining reliability against aging degradation of 

structural materials in power plants 4). 

Water chemistry is not only one of the most important parameters to maintain the plant reliability but also one 

of the most important indexes to measure plant operational conditions.  Water chemistry improvements, e.g., 

hydrogen water chemistry in BWRs and suitable pH controls in PWRs, have been applied as suitable options for 

preventive maintenance 4). 

Massive amounts of water chemistry data are collected in nuclear power plants to measure the plant operational 

conditions at every moment.  Data acquisition, processing and evaluation systems have been applied in major 

BWRs and PWRs for reliable and quick data acquisition with savings in manpower in plant chemical laboratories 

and smooth and reliable information transfer from chemists to plant operators and supervisors.  Though water 

qualities are different in BWR and PWR systems, the latest data acquisition procedures have much in common in 

both systems 4). 

In order to understand plant conditions, in-situ measurements for local conditions, e.g., in-core corrosive 

conditions and crevice water chemistry, are desired.  Some mismatching between the desired information to 

understand plant conditions and the measured water chemistry data were reported.  From the viewpoint of water 

chemists, procedures for bridging the gaps as well as quality assurance of water chemistry data acquisition are 

essential subjects.   

In this paper, data acquisition and processing systems in BWR plants are introduced as a representative of both 

systems, necessity of quality assurance of water chemistry data is mentioned and then procedures to bridge the 

gaps between the measured water chemistry data and the information to understand real interaction between 

materials and water in the primary cooling systems.    

 

2. Major Purposes of Water Chemistry Control 

The most important roles of cooling water of light water reactors are as energy transporting medium and 

neutron moderating medium.  With light water as coolant in nuclear power plants, the resulting high temperature 

water causes corrosion of structural materials, which leads to adverse effects in the plants, e.g., increasing 

shutdown radiation, generating defects in materials of major components and fuel claddings, and increasing the 

volume of radwaste sources 5).  In Figs. 1 and 2, major roles of BWR and PWR primary cooling water are 

summarized 6), 7). 

Figs. 1 and 2 

In order to control the adverse effects, it is essential to understand corrosion behaviors of structural materials 

and then to control them in both systems.  Corrosion behavior is much affected by the combinations of water 

qualities and materials.  In order to minimize the adverse effects, optimal water chemistry control has been 

proposed as shown in Fig.3 5).   

Fig.3 

3. Water Chemistry Data Acquisition Systems 

Cooling systems, major components and water chemistry differ in BWR and PWR plants.  Procedures to 

measure water chemistry are also different in both reactor systems.   At the same, common points in both reactor 
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systems should also be discussed from the view points of water chemistry data acquisition systems. 

Locations for in-line monitoring and sampling for BWR and PWR plants are compared in Figs. 4 and 5.  

Figs. 4 & 5 

Water chemistry data acquisition systems for BWR and PWR plants are also compared in Figs. 6 and 7.  

Figs. 6 & 7  

It is easy how to take data from the in-line monitors into the computer systems; water chemistry data from the 

sampled water used to be inputted into the computer system by plant chemists through keyboard entry.  Large 

improvements have been reported in the latest plants on automatic analysis of chemical and radioactive nuclide 

data (Figs. 6 & 7).  Chemical species and radioactive nuclides collected on membrane filters are analyzed by 

X-ray fluorescence analyzer and gamma ray spectrometer, respectively, and then the measured data are transferred 

from the analyzers to the computer system directly 4).   Accumulated data are stored in a host computer (data 

server) allowing easy observation of plant water chemistry.   The data numbers are also reduced to be compiled 

for daily, weekly and monthly documents (reports).  Plant chemists, operators and supervisors through the 

computer network share the original data and also the reduced data.  On-line ion chromatographs have been 

applied in plants for fully automatic data acquisition for the concentrations of anion and cation species, where the 

data are transferred to the laboratory data server through floppy disks or in the direct connection through the 

computer network 4).   The water chemistry data server is the center of the water chemistry data net work system, 

connecting with the operation and control computer systems to take plant operational data and to give water 

chemistry conditions to plant operators.   

Trend and transient analyses are important evaluation procedures.  General patterns of the data are compared 

with those of other plant data.  Fuel integrity checking is one of the most important procedures for plant chemists 

and an important concern for plant operators and supervisors.  

Importance of water chemistry data in BWR 8) and PWR plants is summarized in Table 1 and Table 2, 

respectively.   

Tables 1 & 2 

There are some gaps between the measured water chemistry data and information to understand plant 

conditions and interactions between materials and cooling water, which are shown in Table 3. 

Table 3  

In to evaluate plant condition by using water chemistry data, two points should be carefully considered. The 

first point is quality assurance of water chemistry data and the other is bridging the gaps between desired 

information and measured data. 

 

4. Quality Assurance of Water Chemistry Data 

Evaluation should be based on reliable data.  For this, quality assurance of water chemistry data is essential. 

Standardization of data acquisition procedures is required to obtain qualified data, where sampling location & 

periods, sampling procedures and analytical instruments to determine chemical and radioactive components, 

calibration procedures for the instrument and their frequencies, training of plant chemists and documentation 

guides are clearly defined.   

At the same time traceability of water chemistry data is required.  For this, standard procedures for document 

management should be established.  Quality assurance of water chemistry data in thermal power plants have been 

established and the details are published as one of the Japan Industrial Standards 9).   
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Enthusiastic promotion of quality assurance of water chemistry data in nuclear power plants based on light water 

reactors and establishing the standard for water chemistry data acquisition and processing are being carried on as 

one of the most important activities of the Research Committee on “Water Chemistry Standard” of Atomic Energy 

Society of Japan.  Major organizations for water chemistry standard are summarized in Fig. 8.   

Fig. 8 

5. Beyond Water Chemistry Data 

In order to bridge the gaps between desired information and measured data, interactions between water and 

materials in the plants should be understand clearly (Tables 1 & 2).   

 

5.1 Concepts 

ECP (electrochemical corrosion potential) can be measured in several locations in the primary coolant at 

elevated temperature and extrapolated to the location of interest to evaluate the target structures.  Conductivities 

and pH are measured at room temperature and their effects on the materials should be considered by extrapolating 

them to those at the elevated temperature.  One of the most important radiolytic species, H2O2, which cannot be 

measured in the sampled water, should be determined by the theoretical rater radiolysis model along with O2 and 

H2 at the location of interest.   

Major gaps between the desired information to understand the phenomena and measured data and the major 

measures to bridge the gaps are shown in Table 3.   

One of the most powerful measures to bridge the gaps is theoretical water radiolysis model, which have been 

developed for BWRs and PWRs.  Water radiolysis model for BWRs can estimate corrosive conditions in primary 

cooling systems, e.g. distributions of [H2O2] and ECP, and it can be applied to evaluate the effects of HWC on 

SCC mitigation.   Water radiolysis model for PWRs can estimate corrosive conditions in primary cooling 

systems and it can be applied to minimize [H2] to suppress [H2O2] and [O2] in the primary cooling water.   

Another power measures are crevice water radiolysis models for BWRs and PWRs.  The crevice water 

radiolysis model for SCC in BWRs can estimate corrosive conditions in a crack tip, e.g., [H2O2] and ECP in a 

crack tip, to evaluate effects of HWC on crevice water chemistry and to determine crack propagation rate.    

The crevice pH model for SG tubing in PWR can estimate corrosive conditions in crevices between tubing and 

tube support plate to evaluate crevice pH based on bulk water chemistry and to prevent crevice corrosion by 

monitoring bulk water chemistry.    

 

5.2 Theoretical Models 

5.2.1 Water radiolysis model for BWRs 

The out line of the model is shown in Fig. 9.  Basic equations are as follows. 

Fig. 9 

∂Yi/∂t = gi
γQγ + gi

nQn+ΣkimnYmYn – YiΣkisYs+Vf/(1-Vf)(εi*Yig - εiYil)  (1) 
 

, where  Yi : concentration (superscripts: l; in water, g: in steam) 

g: g-values, (superscripts: γ :γ-rays, n : neutrons) 
Q: energy absorption rate, k: reaction constants; Vf: void fraction 

εi: transfer coefficient, εi*: re-absorption coefficient 
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Non-linear rate equations are calculated to obtain the concentration distribution on radiolytic species in whole 

primary coolant 10).  The very stiff differential equations were solved numerically by integrating them along the 

flow path (Fig. 10).   Backward differential formula was applied for determination of initial guess for each time 

step and final solution was obtained by using Newton method. 

Fig. 10 

High temperature G-values and rate constants applied for the BWR water radiolysis model are shown in Table 

4 and Table 5, respectively.  

Tables 4 & 5 

The distribution of effective oxygen concentrations in a reactor pressure vessel is shown in Fig. 11 for different 

[H2] conditions.   

Fig. 11 

The gap between the measured ECP and effective oxygen concentration ([O2]eff= [O2]+0.5[H2O2]) shown in Fig. 

12(a) 11) are explained by the contribution of H2O2 to ECP especially at high H2 injection rate (Fig. 12(b)) 12) . 

Hydrogen peroxide gives higher ECP than oxygen with the same oxidant concentration (Fig. 12(c)) 12). 

Fig. 12 

Nobel metal chemical addition (NMCA) was developed to enhance HWC effects with assistance of noble metal 

catalysts 13). Quasi-stable noble metal compounds were injected into primary coolant as shown in Fig. 13.   As a 

result of thermal decomposition on the compounds, noble metal was precipitated on the surfaces of the primary 

component and structures.  ECP decreased tremendously with small amount of hydrogen without serious main 

steam dose rate increase.   

Fig. 13 

It was confirmed that ECP could be reduced by application of NMCA and HWC.  But, it was not clearly 

confirmed if crack growth rate was mitigated by NMCA.  The follow-up survey for three cycles after NMCA 

treatment could not find sufficient effects on crack growth rate (CGR) as shown in Fig. 14 13).  A new theory for 

crack growth rate model is desired.   

Fig. 14 

5.2.2 Water radiolysis model for PWRs 

In PWR primary coolant, sufficient amount of H2 has [O2] to avoid problems related to corrosion.  Recently, it 

was reported that primary water stress corrosion cracking (PWSCC) of Ni-base alloy was caused by H2 in the 

coolant.  In order to avoid PWSCC, optimization on [H2] has been required and a water radiolysis model for 

PWRs has been developed.  PWR water radiolysis model is much simpler than that for BWRs because transfer 

of radiolytic sepecies from water phase to steam phase can be neglected, but prior to radiolysis calculation, high 

temperature pH determined by [Li] and [B] should be calculated and irradiation effects of α-rays from 10B(n, α)7Li 

reaction as well as γ rays and neutrons should be considered 14).  High temperature G-values applied the PWR 

water radiolysis model are shown in Table 6.  The concentrations of radiolytic species were calculated with 

MAKSIMA-CHEMIST code 15) based on the differential equations like Eq.(1) 

Table 6 

Figure 15 (a) shows concentrations of radiolytic species in the in-pile region calculated for 1600 ppm B and 2 

ppm Li as a functions of the [H2].  The y-axis covers 12 orders of magnitude.  The threshold [H2] for reducing 

conditions is below 0.5 cm3 (STP)/kg- (< 15.7 mmol/dm3).  This modeling result appears to be consistent with 

ECP value of SS obtained at out of core region 12) and with [O2] level during low [H2] in operating PWRs. 16) 
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Fig. 15 

The situation in-pile is somewhat more complicated, as seen in Fig. 15 (b).  The in-pile region is characterized 

by a significantly less dominating role for H2. In-pile, the concentrations of other species are only 3 orders of 

magnitude below that of H2, as opposed to 7 orders of magnitude out-of-pile. After hydrogen, there are four very 

reactive species in-pile, hydrated electron (eaq
-), H2O2, OH, and H with concentrations within an order of 

magnitude. The levels of [O2] and [HO2]/[O2
-] are lower, and these species may be disregarded in comparison to 

the others. 

The INCA loop 17), 18) of Studsvik Nuclear AB was operated at 290 °C and a flow rate of 50 kg·h-1 with 1600 

ppm B and 2 ppm Li in the water, corresponding to a pH of 6.75 at 300 ˚C. The [H2] level was varied in the 

interval 0-16.8 cm3 (STP)/kg (0-527 mmol/m3). The upper limit corresponds to the solubility of H2 in water at 

atmospheric pressure and room temperature.  The [B] was a little higher and temperature and pH were a little 

lower than PWR conditions.   

The calculated and measured [O2]eff in the out-of-pile of the INCA loop (downstream of in-pile) are shown in 

Fig. 16 (a). The measured [O2]eff is in agreement with experimental data from the INCA loop, although more 

measurements are desirable.  The calculated ECP based on [O2]eff as a function of [H2] showed a good agreement 

with the measured ECP (Fig. 16 (b)).   

Fig. 16 

The calculated results of the PWR radiolysis model are summarized in Fig. 17.  They used to determine [H2] 

to suppress [O2] based on data at ambient temperature, but recombination reaction between H2 and O2 is 

accelerated at elevated temperature and lower [H2] is expected to suppress [O2] 14). 

Fig. 17 

5.2.3 Crevice radiolysis model 

The concentrations of radiolytic species in a crack tip under non-irradiation condition are so low to deduce local 

ECP to –600mV-SHE, while under irradiation condition the concentrations are rather high as a result of direct 

generation in the crack tip and then the local ECP is higher than that under non irradiation condition.  In order to 

estimate local ECP in a crack tip, a crevice radiolysis model has been developed as shown in Fig. 18 and 

radiolytic specie concentrations, ECP and then finally crack growth rate have been calculated 19).  

Fig. 18 

Table 7 20) summarizes the calculated results of crevice radiolysis model and the evaluated results of local 

electrode potentials.  The SCC of the major reactor internals in boiling water reactors (BWRs) is affected by 

irradiation.  The effects of irradiation can be divided into three classes.   

Class 1 consists of the direct effects of both neutron and γ-ray irradiation. 

2 W/cm3 (neutrons: 1W/cm3; γ-rays: 1W/cm3)  

Class 2 consists of the direct effects of only γ-ray irradiation. 

0.1 W/cm3 (only γ-rays)     

Class 3 consists of the indirect effects of neutron and γ-ray irradiation.   

As the energy absorption rate increased, the difference of ECP decreased.  The difference of ECP under HWC 

condition was larger than that under normal water chemistry (NWC) condition.  The [H2O2] in the bulk water 

were high enough to keep bulk ECP about 0 mV-SHE in all cases.  Based on the only bulk ECP, the CGR under 

HWC condition was almost equal to that under normal water chemistry (NWC) condition for classes 1 and 2, and 

the CGR for class 2 was equal to that for the class 1.  The difference of local electrode potential and the ECP in 
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the bulk under HWC condition was lager than that under NWC condition for both class 1 and class 2.  The CGR 

under HWC condition was larger than that under NWC condition, and the CGR for class 2 was larger than that for 

the class 1 based on the difference of potential.   

These results disagreed with the empirical knowledge of CGR.  The effect of HWC on crack propagation 

under irradiation was evaluated based on the direct dissolution of base metal and oxide film growth/rupture in the 

crack tip.  Under the HWC condition, the crack propagation was mitigated because the oxidant concentrations 

decreased by the interaction with hydrogen diffusing from the bulk water into the crack tip.  This result agreed 

with empirical knowledge qualitatively.   

Table 7 

5.2.4 Crevice pH evaluation for SG tubing  

One of the most severe problems of steam generators (SG) is intergranular attack (IGA) of tubing, especially 

that in crevice between tubing and tube support plate.  Even if the steam generator tubing has been replaced with 

tubing made of corrosion resistant materials, continuous attention should be paid to IGA of tubing, especially in 

the crevice region.  From evaluation of corrosion of steam generator tubing, it was concluded that both higher 

and lower pH values enhanced IGA (Fig. 19).  In order to prevent IGA of steam generator tubing, pH in the 

steam generator secondary water, especially that in the crevice, should be controlled in the suitable range from 

pH300C 5 through 10. 

Fig. 19 

It is not so difficult to control pH300C of bulk water in the optimal range.  However, control of pH in the 

crevice water is hard.  In order to control the crevice pH300C in the optimal range, five steps of approaches are 

proposed as follows 21). 

1) The concentrations of ionic species in the crevice water are determined by using the concentration factors of 

ionic species from the bulk water into the crevice and their measured concentrations in the bulk water. 

2) The pH300C in the crevice water is calculated by using the concentration of ionic species in the crevice water.  

3) The relationship between the pH300C in the crevice water and the concentrations of ionic species in the bulk 

water is obtained.  

4) The concentrations of ionic species in the bulk water is measured and controlled to maintain the pH300C in the 

crevice water in the optimal range.  

5) Environmental parameters defined as group data of ionic species, e.g., total cation, total anion and sulfate 

concentration, are calculated and the relationship between the pH300C in the crevice water and the 

environmental parameters are obtained.  

Evaluation procedures are summarized in Fig. 20 21).   

Fig. 20 

As a result of crevice simulation experiments, the concentration factor into the crevice for each species has been 

determined and then the relationship of pH300C, the concentrations and the environmental parameters have been 

obtained, and are shown in Fig. 21 21).   

Fig. 21 

An environmental parameter, ΣC/[SO4], was selected as the most suitable parameter to control the pH300C. 

It was confirmed that the environmental parameter, ΣC/[SO4], was kept at more than 1.0 to get the desired pH300C 

range in the crevice water (Fig.22) 21). 

Fig. 22 
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The concentrations of ionic species are continuously monitored with an on-line ion chromatograph and they are 

controlled to keep the environmental parameter, ΣC/[SO4], at more than 1.0 to prevent loss of steam generator 

integrity 21). 

 

5.3 High Temperature Sensors 

Many kinds of high temperature sensors have been developed for direct measurement of water qualities.  Only 

a few have been applied to operating power plants 4).  Table 8 lists high temperature sensors applied at operating 

plants.  Most of them are sensors for structural material integrity test.  High temperature reference electrodes 

for electrochemical corrosion potential measurements and contact tension specimens for crack propagation 

measurements are applied for task force of hydrogen water chemistry.   

Table 8 

In order to obtain a reductive environment and thus mitigate secondary side corrosion of steam generator tubing, 

the optimum hydrazine content in the secondary system of PWR should be discussed based on ECP measurement.  

However, ECP would be carried out only in a very few units.  Once the optimum hydrazine condition is defined, 

the plant staff will only routinely monitor hydrazine and ECP measurements can be terminated.  In stead of direct 

ECP measurement, a combination approach of concentration measurement of anions and cations with ion 

chromatograph and empirical calculation based on crevice concentration factors and pH evaluation has been 

successfully applied to determine the corrosive conditions at the tubing and the crevice between the tubing and the 

supporting plate.   

 

6. Diagnosis System 

Methodologies for plant diagnosis systems based on water chemistry data and expert tools have been developed 

in collaborative R&D programs between plant operator utilities and plant manufacturers.  Combinations of data 

acquisition devices and computer packages have been proposed for plant application 22).  Unfortunately, plant 

diagnosis systems have been applied in only restricted areas and serve limited purposes due to the lower estimated 

benefits against higher facility cost and poor reliability.  Much experience with the systems should be 

accumulated by their trial applications in plants for their regular use in the future. 

 

7. Conclusion 

The main points are summarized as follows. 

1) Data acquisition, processing and evaluation systems have been applied in major PWRs and BWRs in Japan 

for reliable and quick data acquisition with saving manpower in plant chemical laboratories and smooth and 

reliable information transfer for chemists to plant operators and supervisors.  2) Precise evaluation 

procedures on water chemistry data have been required to improve plant reliability and safety.   

3) Standard procedures for water chemistry data acquisition are going to established in the Atomic Energy 

Society of Japan.  

4) Theoretical models are applied to bridge the gaps between desired information and measured data.  (1) water 

radiolysis models for BWRs and PWRs(2) crevice radiolysis model for SCC in BWRs 

(3) crevice pH model for SG tubing in PWRs 

5) High temperature water chemistry sensors and automatic plant diagnostic systems have been applied in only 

restricted area but they will be more popular after having sufficient experience with off line diagnostic 
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systems.  

Nomenclatures and Abbreviations 

[B], [Li], [H2], [H2O2], [O2]: concentrations of boron, lithium, hydrogen, hydrogen peroxide and oxygen in the 

water (ppb) 

[O2]eff: effective oxygen concentration (ppb) ([O2]eff =[O2]+0.5[H2O2]) 

Yi : concentration (superscripts: l; in water, g: in steam) 

g: g-values, (superscripts: γ :γ-rays, n : neutrons) 
Q: energy absorption rate, k: reaction constants; Vf: void fraction (superscripts: γ :γ-rays, n : neutrons) 

εi: transfer coefficient 

εi*: re-absorption coefficient 

 

BWR: boiling water reactor 

CD: condensate demineralizer 

CE: conductivity 

CGR: crack growth rate  

CRD: control rod drive 

CUWF/D: filter and demineralizer for reactor water clean-up system 

HP heater, LP heater: high pressure feed water heater, low pressure feed water heater 

HP turbine, LP turbine: high pressure turbine, low pressure turbine 

HWC: hydrogen water chemistry 

NMCA: nobel metal chemical addition  

NWC: normal water chemistry 

IGA: intergranular attack 

LAN: local area network 

LWR: light water cooled reactor 

PWR: pressurized water reactor 

PWSCC: primary water stress corrosion cracking  

RN: radioactive nuclide 

RPV: reactor pressure vessel 

SG: steam generator 
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Fig. 1  Major roles and adverse effects of BWR primary cooling water
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Fig. 2  Major roles and adverse effects of PWR primary and secondary cooling water
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Fig. 3 Optimal water chemistry control
(BWR and PWR plants)

Corrosive radical controlpH & hydrogen control

Establishing 4 targets 

Higher safety and higher reliability

Iron, nickel & cobalt control

Fewer environmental impacts

Radwaste Sources Reduction
Minimizing radioactive effluent

Reducing
occupational exposure

(radioactive contamination)

Improving reliability of 
structural materials 

Improving reliability of 
cladding materials 

Fig. 4  Locations for in-line monitoring and sampling
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Fig. 5  Locations for in-line monitoring and sampling (PWR plants)
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Fig. 6  Water chemistry data acquisition systems (BWR plants)
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Fig. 7  Water chemistry data acquisition systems (PWR plants)
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Fig. 8  Quality assurance of water chemistry data
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Fig. 9  Water radiolysis model  for BWRs 
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Fig. 11  Distribution of effective oxygen concentrations in RPV
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Fig. 12   Effects of H2O2 and O2 on ECP
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Fig.  18   Crevice water chemistry under irradiation in BWRs
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Fig. 19 Crevice pH model for SG tubing in PWRs (1) 
IGA sensitivity diagram 
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Fig. 22 Crevice pH model for SG tubing in PWRs (4) 
IGA sensitivity diagram 
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Table 1  Interaction of water and materials (BWR)

Water chemistry factors 1) Dose rate reduction 2) Fuel integrity 3) Structure integrity
[operational data]

Macroscopic factors
pH [6 - 8]* ♠ high pH decreases 60Co ♥ high pH promotes ♣ small effect around

* room temperature pH release from fuel deposits zircaloy corrosion neutral pH
Conductivity [0.1 - 0.3µS/cm] ♥ small effect with the range ♦ ♥ crack depth is increased cond.
ECP [-150 - +100 mV] ♦ few data ♦ ♥ low ECP mitigates IGSCC

Radiolytic sepecies
H2 [~10ppb] ♠ high [H2] enhances 60Co ♥ high [H2] promotes ♦ hydrogenation

release from fuel deposits hydrogen pickup by zircaloy
O2 [~200ppb] ♥ low [O2] enhances 60Co ♥ high [O2] promotes ♥ low ECP mitigates IGSCC

zircaloy corrosion
H2O2 [~300ppb] ♥ H2O2 prevent corroison ♦ H2O2 promotes Zr corrosion ♥ crack growth is increased

Metallic sepecies
Fe [~1ppb]  ♠ thick deposits promote 

zircaloy corrosion
Cr [~1ppb] ♥ increased pH decreases 60Co ♥ higher [Cr6

+] promotes ♥ higher [Cr6
+] promotes

release from fuel deposits corrosion IGSCC
Zn [<1ppb] ♥ Zn moderates 60Co deposition ♥ few data ♥ Zn mitigates IGSCC

on pipes
Alkali metals [<1ppb] ♠ high pH causes low 60Co ♥ high [Li] promotes ♦

corrosion
Radioactivity
60Co, FP [~1Bq/ml] ♠ high [60Co] causes dose rate ♠ fuel defects cause high [FP] ♠ high dose rate obstructs 

inspection & maintenance

ECP: electrochemical corrosion potential ♠: quantified and mechanism known ♣: effects of the factor known but not quantified
FP: radioactive fission products ♥: quantified but mechanism not known ♦: effects of the factor not known
IGSCC: intergranular stress corrosion cracking : small effect
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Water chemistry factors 1) Dose rate reduction 2) Fuel integrity 3) Structure integrity
[operational data]

Macroscopic factors
pH [6.8-7.2]* ♠ high pH decreases 60Co & 58Co ♦ ♣ high pH moderate

* high temperature pH generation on fuel surfaces corrosion
Conductivity [<30mS/cm] ♦ ♦ ♦

ECP [not measured] ♦ few data ♦ ♦

Radiolytic sepecies
H2 [~2,000ppb] ♦ high [H2] increases 58Ni(59Co) ♥ high [H2] promotes ♠ high [H2] promote PWSCC

deposition on fuel surfaces hydrogen pickup by Zr
O2 [<5ppb] ♥ small effect with the range ♥ small effect with the range ♥ small effect with the range
H2O2 [<1ppb] ♥ small effect with the range ♥ small effect with the range ♥ small effect with the range

Metallic sepecies
Ni [~1ppb]  ♠ thick deposits promote 

zircaloy corrosion
Zn [<50ppb]* ♥ Zn moderates 60Co deposition ♥ few data ♥ Zn mitigates IGSCC 

* Zn injection on pipes
Alkali metals [<1ppb] ♦ ♥ high [Li] promotes ♦

PWSCC of Ni base alloy
Li [0.7-2.2 ppm] ♦ few data for simple effect ♠ high [Li] promote corrosion ♦ few data for simple effect
B [0-2,500 ppm] ♦ few data for simple effect ♠ high [B] moderate corrosion ♦ few data for simple effect

Radioactivity
60Co, FP [~Bq/ml] ♠ high [58Co] causes dose rate ♠ fuel defects cause high [FP] ♠ high dose rate obstructs 

inspection & maintenance

ECP: electrochemical corrosion potential ♠: quantified and mechanism known ♣: effects of the factor known but not quantified
FP: radioactive fission products ♥: quantified but mechanism not known ♦: effects of the factor not known
PWSCC: primary water stress corrosion cracking : small effect

Table 2  Interaction of water and materials (PWR)
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Table 3  Gaps between desired information and measured data  (Beyond water chemistry data )

Desired information Measured WC data Major measures to bridge the gaps
to understand in-plant in plants
phenomena 

Corrosive conditions ▪ Measured [O2, H2] ▪ Theoretical models for water radiolysis
[H2O2, O2, H2] ▪ HT O2 sensors

▪ ECP sensors
Crevice water chemistry ▪ Bulk water chemistry ▪ Theoretical crevice radiolysis  models

▪ Theoretical & empirical models for
impurity concentration in  crack tip

Crack propagation rate ▪ Crack growth rate ▪ HT crack growth rate sensors
in simulated condition ▪ Theoretical & empirical models for 

crack propagation rate
Soluble and insoluble ▪ Saturated concentrations ▪ Solubility analysis & deposition/release

metallic species along sampling lime analysis along sampling lime
▪ High temperature conductivity sensors

High temperature pH ▪ pH at cooled water ▪ Theoretical evaluation
▪ HT pH sensors

Properties of oxide film ▪ Characterization ▪ Theoretical oxidation models
on sampled specimens of oxide film ▪ HT impedance sensors

HT: high temperature

Table 4  High temperature G values
for BWR water radiolysis model

gamma rays neutronsspecies

e-

H
H+

H2

H2O2

HO2

OH
OH-

3.50
0.90
3.50
0.60
0.55
0.00
4.50
0.00

0.60
0.50
0.60
1.50
1.14
0.04
1.70
0.00

molecules, atoms /100ev absorption
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surface 
reaction

10
11
12
13
14
15

17
18
19
20
21
22
23
24
25
26
27
28
29
30
32

1
2
3
4
5
6
7
8
9

16

forward

E- + H2O
E- + H+

E- + OH 
E- + H2O2
H + H 
E- + HO2
E- + O2

2E- + 2H2O
2OH
OH- + H 
E- + H + H2O 
E- + HO2

- + H2O 
H + OH 
OH + H2
H + O2
H + HO2
H + O2

-

E- + O2
- + H2O 

H + H2O2

OH + H2O2
OH + HO2
OH- + H2O2

2HO2
HO2
HO2 + O2

-

H+ + OH-

O2
- + OH 

2O2
- +2H2O

2H2O2
H2O2
HO2

- + OH 

reversed

H + OH-

H 
OH-

OH + OH-

H2
HO2

-

O2
-

H2 + 2OH-

H2O2
E- + H2O 
OH- + H2
OH + 2OH-

H2O 
H + H2O 
HO2
H2O2
HO2

-

HO2
- + OH-

OH + H2O 
H2O + HO2
H2O + O2
HO 2- + H2O 
H2O2 + O2
O2

- + H+

O2 + HO2
-

H2O 
OH- + O2

O2 + H2O2 + 2OH-

2H2O + O2
H+ + HO2

-

HO2 + OH-

s-1(mol/l)-1
forward

2.90E+02
2.60E+11
2.90E+11
2.40E+11
9.00E+10
3.00E+11
2.60E+11
1.75E+06
2.50E+10
7.00E+08
4.82E+09
5.35E+08
2.30E+11
1.40E+09
1.50E+11
3.00E+11
3.00E+11
3.57E+09
2.00E+09
4.20E+08
1.00E+11
1.00E+10
5.00E+07
3.90E+05
5.00E+08
1.90E+12
2.90E+11
1.27E+05
3.35E-02

reversed

2.14E+05

7.70E+11

1.40E-01

s-1(mol/l)-1

Table 5   High temperature rate constants for BWR water radiolysis model

Table 6  High temperature G-values for PWR water radiolysis model

molecules, atoms /100ev absorption

e-

H
H+

H2

H2O2

HO2

OH
OH-

Species
PWR（305ºC）

3.50
0.90
3.50
0.60
0.55
0.00
4.50
0.00

gamma rays

0.60
0.50
0.60
1.50
1.14
0.04
1.70
0.00

neutrons

0.152
0.199
1.974
0.152
1.104
0.300
1.191
0.000

alpha rays

3.565
0.927
0.612
3.565
0.542
0.000
4.632
0.000

gamma rays

0.662
0.453
1.278
0.662
0.836
0.050
1.849
0.000

neutrons
BWR（285ºC）
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plants power reactor plant sensor Monitor/Test
(Mwe) types utilitieslocation

Fugen 165 ATR JNC AC ECP1 
SSRT

Fukushima 1-3 784 BWR-4 TEPCO LPRMH ECP1, ECP2
AC ECP1, ECP3

Fukushima 1-5 784 BWR-4 TEPCO BD ECP1
AC ECP1, CT

Tsuruga-1 357 BWR-2 JAPC LPRMH ECP1, ECP2
BD ECP1, ECP2
AC ECP1, SSRT/CT

Tokai-2 1,100 BWR-5 JAPC BD ECP1, ECP2
ECP4

Shimane-1 460 BWR-3 Chugoku BD ECP1
KK - 7 1,356 ABWRTEPCO BD ECP1 , ECP5

KK: Kashiwazaki Kariha ATR: advanced thermal reactor ABWR: advanced BWR
AC: autoclave BD: bottom drain LPRM: local power range monitor housing
ECP: electrochemical corrosion potential ECP1: ECP(Ag/AgCl) ECP2: ECP(Pt) ECP3: ECP(Cu/CuO2)

ECP4: ECP(Fe/Fe3O4) ECP5: ECP(type is not reported)
SSRT: slow strain rate test CT: compact tension

Table 8  High temperature sensors for BWR water chemistry monitoring

Fig. 7  Summary of calculated results of crevice radiolysis model
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1. INTRODUCTION 
 

• Considerable interest now being generated in developing nuclear generating stations 
using super critical water as the heat transfer medium. 

 
• Supercritical Water Oxidation is a promising technology for destroying highly toxic 

organic waste (including physiological agents) and for reducing the volume of low-
level nuclear waste. 

 
• SCWO offers a number of unique advantages over other waste destruction 

technologies, such as incineration and pyrolysis (e.g., in plasmas).  These advantages 
include: 

 
o Zero emissions to the environment. 
o Very high destruction efficiencies (> 99.99 %), for even the most resilient 

waste. 
o Relatively low cost. 
o Remote siting through minimal need for services (electricity, etc.). 
o Scalable to almost any size, hence may be portable.  Thus, the unit can be 

taken to the problem rather than the problem being taken to the unit.  This is 
important for highly toxic materials, such as PCBs (polychlorinated 
biphenyls). 

 
• Greatest challenges are the selection of materials that can withstand the harsh 

oxidizing conditions that exist in the reactor and in downstream components and the 
development of effective, in situ chemical (pH, [O2], [H2]), electrochemical 
(corrosion potential), and corrosion rate monitoring techniques. 

 

2. TYPICAL SCWO PROCESS CONDITIONS 

 
Conditions within the reaction zone in SCWO systems vary widely depending upon the 

nature of the feed and the resiliency of the waste and upon the desired conversion 
efficiencies. Typical conditions are as follows: 
 

• T = 500 to 650 oC in the reaction zone, sub critical in much of the downstream 
regions. 

• P = 200 to 400 bar and partial pressure of oxygen = 150 % to 500 % of the 
stoichiometric requirement for the oxidation of the organic. 

• Flow rates – highly variable depending upon location. 
• Salts – depending upon the composition of the feed, may contain high concentrations 

of chloride, sulfate, nitrate, phosphate, etc.  The trend is toward acidification due to 
oxidation, e.g. 
CxHyClz  +  O2  +  H2O  =  xCO2  +  (y/2)H2O  +  zHCl 
 
CO2 + H2O = HCO3

- + H+ and  HCl  =  H+  +  Cl-
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FIG. 1. Location of SCWO conditions in potential-pH space.  Note that the E-pH diagram 
corresponds to that for iron at 400 oC. 
 
 
Properties of the fluid in a SCWO reactor.  Note that in the reaction zone the density, 
dielectric, and viscosity are similar to those of a gas at the same pressure. 
 
 

 

 

 

 

OBJECTIVES 

 
 
 
FIG. 2. Properties of the fluid in a SCWO reactor. Note that in the reactor zone the density, 
dielectric and viscosity are similar to those of the gas at the same pressure. 
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3. OBJECTIVES 
 
• Demonstrate the destruction of a resilient, halogenated substance (carbon 

tetrachloride, CCl4) under simulated SCWO conditions. 

  
Develop methods for accurately measuring pH and redox potential in high sub critical 
and super critical aqueous environments. 

 
• Define the pH scale for super critical aqueous systems. 

 
• Explore Electrochemical Emission Spectroscopy (“electrochemical noise”) as a 

quantitative means of monitoring corrosion rate in prototypical SCWO environments. 
 

• Develop a theoretical understanding of the dependence of corrosion rate on important 
independent variables, in particular on pressure and temperature. 

 
4. BACKGROUND 

 
4.1. pH Sensors 
 

• Hg/HgO/ZrO2(Y2O3)/H2O, H+ electrode with a theoretical potential of 
 

E = E0
Hg/HgO  -  (2.303RT/2F) log(aH2O)  -  (2.303RT/F) pH 

 
        or 
 
   pH = (F/2.303RT) (E – E0

Hg/HgO) – 0.5 log (aH2O) 
 

• The YSZ sensor is a pH primary electrode. 
• Thermodynamically well understood in terms of the potential-determining 

reactions. 
• No redox response. 
• Major problem is fragility and chemical stability of the ceramic membrane. 
• Used previously by us to make quantitative pH measurements at temperatures 

up to 325 oC and more recently (partly in this work) to make semi-quantitative 
pH measurements at temperatures as high as 528 oC. 

 
• H2(Pt)/H+ electrode with a theoretical potential of 
 

E = -(2.303RT/2F) log(fH2)  -  (2.303RT/F) pH 
         or 
  pH = -(F/2.303RT) E – 0.5 log(fH2) 
 

• pH primary electrode 
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• Thermodynamically well understood in terms of the potential-determining 
reaction. 

• Redox response – must know accurately fH2. 
• Rugged and easily handled. 
• Used in this work for the first, quantitative potentiometric determination of the 

dissociation constant of HCl at high subcritical temperatures. 
 
• W/WO3/H2O, H+ electrode with an empirically derived potential of 
 

E = E/
W/WO3  -  (2.303RT/2F) log(aH2O)  -  (2.303RT/F) pH 

 
        or 
 
   pH = (F/2.303RT) (E – E/

W/WO3) – 0.5 log(aH2O) 
 

• A secondary pH electrode that needs calibrating. 
• Potential determining reactions not well understood. 
• No redox response detected in experiments but a response is possible. 
• Rugged. 
• Used recently (partly in this work) to make semi-quantitative pH measurements 

at temperatures as high as 528 oC. 
 
4.2. Reference Electrodes 
 

• Must provide a constant reference potential on a thermodynamic scale (e.g., the 
Standard Hydrogen Scale) over wide ranges of temperature and pressure. 

• Previous work employed “External Pressure Balanced Reference Electrodes” at 
temperatures up to 528 oC. The EPBRE is capable of providing quantitative reference 
potentials (± 2-3 mV) at T < 300 oC, but considerably higher uncertainties (± 20 mV) 
are experienced in super critical environments.  This level of uncertainty renders the 
EPBRE generally unsuitable for precise (“research grade”) potentiometric 
measurements at super critical temperatures.  The principal source of uncertainty has 
been traced to the phenomenon of thermal diffusion, which causes the movement of 
electrolyte (KCl) to the cold end of the non-isothermal bridge that connects the high 
temperature test system with the Ag/AgCl electroactive element at ambient 
temperature, and to corrosion of the loop materials, which changes the composition of 
the system in an unpredictable manner. 

 
• We have developed a new reference electrode in which a reproducible thermal liquid 

junction potential, corresponding to the Soret initial state, is established by slowly 
flowing electrolyte along the non-isothermal bridge.  This “Flow Through External 
Pressure Balanced Reference Electrode (FTEPBRE)” is based on previous work by 
M. Danielson at PNL.  We have demonstrated in this program that the FTEPBRE, 
when combined with a H2(Pt)/H+ pH sensor, is capable of measuring pH to better than 
± 0.03 at temperatures up to 400 oC.  To our knowledge, these are among the first 
“research grade” pH measurements to have been ever performed in supercritical 
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aqueous systems [measurements of comparable accuracy in alkaline and acid 
solutions at temperatures up to 275 oC, where corrosion of the loop materials is not a 
major problem, were reported by Hettiarachchi, et. al., J. Electrochem. Soc., 131, 
2207 (1984); 132, 1866 (1985)]. 

 
 

5. Destruction of a Resilient Chlorinated Waste 
 
 

• In Situ pH measurements, obtained using an Hg/HgO/YSZ sensor with an 
External pressure Balanced Reference Electrode (EPBRE), have been employed 
to follow the destruction of a resilient, halogenated model waste (carbon 
tetrachloride, CCl4) at 528 oC. 

• Previous studies in our laboratory sponsored by EPRI, Union Electrica Fenosa, 
DOE, and ARO established the feasibility of making pH measurements in super 
critical aqueous solutions using W/WO3 and Hg/HgO/ZrO2(Y2O3) sensors 
coupled with an External Pressure Balanced Reference Electrode. 

• Viability of the measurements was first evaluated by measuring the sensor 
response to injections of acid and base into the test cell, because the thermal 
hydrolysis of CCl4 is expected to produce HCl as follows: 

 
CCl4 + 2H2O  CO2 + 4HCl 

 
• Production of acid also confirmed by measuring the pH of the exiting fluid at 

ambient temperature using a glass electrode.  In both cases (high and low 
temperature pH measurements), our studies have confirmed the complete 
destruction of CCl4, even in the absence of added oxygen. 
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FIG. 3. Plots of density, dielectric constant, and viscosity vs. temperature for super critical 
HCl-H2O as a function of pressure.  The conditions employed in the experimental 
determination of pH for the HCl calibrating solutions are indicated by the large filled circles, 
whereas those for the CCl4 solution are depicted by the filled triangle. 
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FIG. 4. Calibration plot of the potential of an external pressure balanced reference electrode 
vs. temperature for super critical HCl-H2O solutions. Calibration was carried out against a 
Hg/HgO/YSZ pH sensor and by calculating the pH of the solution using a thermodynamic 
speciation model.  The resulting calibration function is: 
 

Eref = -4.3369 + 0.01867 Tc – 2.5132e-5 Tc
2

 
6. MAJOR PROBLEMS 

 
• At super critical temperatures, the potential of the external pressure balanced 

reference electrode becomes highly sensitive to small changes in pressure. 
• Thermal diffusion within the non-isothermal electrolyte bridge of the EPBRE causes 

potential drift as the system evolves from the Soret initial state towards the Soret 
steady state. 

• Corrosion of the loop material (stainless steel, nickel alloys, etc.) changes the pH in a 
manner that makes comparison with theory (thermodynamic speciation models) 
frequently impossible. 

 
These problems reflect the unusual properties of SCW (highly pressure dependent transport 
properties) and the fact that all metals and alloys (including the noble metals) corrode in 
super critical aqueous systems.  Accordingly, the problems had to be overcome largely by 
design. 
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7. EXPERIMENTAL SYSTEMS 

 
Flow Loops and Test Cells 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 5. Apparatus for pH and electrochemical noise measurements in high temperature 
subcritical and supercritical aqueous solutions.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 6. Titanium cell for pH and electrochemical noise measurements in high temperature 
subcritical and supercritical aqueous solutions. 
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FIG. 8. “Flow-through Reference Electrode, H2(Pt)/H+ pH sensor, and Hg/HgO/ZrO2(Y2O3) 
pH Sensor 
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Experimentally measured potential differences, ΔE1,2 [13], and the calculated diffusion 

potentials, association constants, and pH of aqueous HCl solutions at temperatures 

between 25 to 360°C and pressure of 27.5 and 33.8 MPa.  

 

T, 
°C 

P,  
MPa 

Ed ,1 - , Ed ,2

mV 
ΔE1,2 , 
mV 

lg(KHCl)  pH  

     0.01 
mol kg-1 HCl

0.001  
mol kg-1 

HCl 
25 27.5 -2.9 64.5

* 
- 2.04 3. 02 

25 33.8 -3.9 61.4 - 2. 04 3. 02 
100 27.5 2.8 81.0 - 2. 05 3. 02 
200 27.5 4.5 97.8 - 2. 07 3. 02 
300 27.5 4.4 100.

3 
1.84±0.4 2.21±0.10 3.06±0.03 

350 27.5 3.8 93.4 2.51±0.3 2.40±0.09 3.13±0.03 
350 33.8 3.6 97.4 1.99±0.3 2.26±0.06 3.07±0.02 
360 33.8 3.6 91.7 2.48±0.3 2.39±0.09 3.13±0.04 

  

(*) The experimental precision of measurements was estimated in Ref. [13] to 
within ± 3-10 mV (±6.5 mV average). 
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FIG. 9. Comparison of lg(KHCl) obtained in this work and the values calculated by Eq. (9) at a 

pressure of 27.5 MPa.  
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• Using known association constants for HCl and NaCl (values obtained from 

conductiometric studies) we can calculate the speciation and hence calculate the pH. 
 
• Compare the measured and calculated pH. 

 
 
• We have done this for temperatures up to 400 oC. 
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FIG. 10. Calculated pH values of Solution 1 (10-3 mol kg-1 HCl + 10-1 mol kg-1 NaCl), 

Solution 2 (10-2 mol kg-1 HCl + 10-1 mol kg-1 NaCl) and pure water over a wide temperature 

range from 25 to 400°C and pressures between 18.7 and 25.3 MPa. 
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FIG. 11. An example of emf, E(I), measurements for temperature of 400°C (P=25.3 MPa) and 

flow rate of 0.5 cm3 min-1. In regions I and III, Solution 1 (10-3 mol kg-1 HCl + 10-1 mol kg-1 

NaCl) was used and in Regions II and IV, Solution 2 (10-2 mol kg-1 HCl + 10-1 mol kg-1 NaCl) 

was employed for measuring E(I) values.  
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8. ELECTROCHEMICAL EMISSION SPECTROSCOPIC 
DETERMINATION OF CORROSION RATE 

 
• EES is the “electrocardiogram of corrosion science” in that we record spontaneous 

electrical emissions from the system and then deduce the rate of accumulation of 
corrosion damage. 

• Previous work in this laboratory sponsored by Union Electrica Fenosa (a Spanish 
utility), ARO, and DOE (INEL) established the feasibility of recording 
“electrochemical noise” from steels in SCW at temperatures in excess of 500 oC.  The 
goal of that previous work was to develop a simple, two-electrode “corrosion 
activity” sensor.  This goal was met successfully. 

• The goal of the present work was to determine whether three electrode EES 
techniques could be used to quantitatively measure corrosion rate at high subcritical 
and supercritical temperatures.  This goal has also been met successfully. 

 
 

ZRA

I/O card

Personal
computer

Voltameter

Type 304 SSPlatinum

Stainless steel
fittings

CONAX
glands

Shrinkable PTFE tube

ZrO2 outer tube
(flow channel) Stainless Steel tube

PEEK tube

Solution

Cooling coil

EN probes

ZrO2 cement

YSZ inner tube

SS and Pt wires covered with
shrinkable PTFE

ZrO2 cement

5mm

Type 304 SSPlatinum

1.5mm

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 13. EES Sensor for Corrosion Rate Measurement Using Electrochemical Emission 
Spectroscopy. 
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FIG. 14. EES Test Cell 
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FIG. 15. Original records of potential and coupling current acquired from an EN 

sensor at a temperature of 350°C, pressure of 25 MPa, and flow rate of 0.5 

ml/min in hydrogenated 0.01 mol kg-1 HCl + 0.1 mol kg-1 NaCl. 
FIG. 16. Potential and coupling current records after removing drifts and DC components. 
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(b) 

FIG. 17. SEM micrographs: (a) sample tested at 150°C for 168 hours; (b) sample tested at 

390°C for 1 hour. 

 

FIG. 18. Corrosion rate (current) evaluated using mass loss tests is 
plotted as a function of temperature. 
 
 
 
 
Summary of the results of SEM and EDAX studies. The diameter 

was measured directly under SEM. The ratio of elements was 

obtained from EDAX analysis. 
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(b) 150°C (1 week) 480 ±  5 μm  15.5 : 1 48.7 : 1   3.1 : 1 
(c) 390°C (1 h)  350 ±  5 μm    8.6 : 1 19.9 : 1   2.3 : 1 

FIG. 19. Inverse noise resistance and corrosion rate are plotted as functions of flow rate. 

 

 

 

 

 
FIG. 20. Relati n between corrosion rate and inverse noise resistance. o
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9. Stern-Geary Relationship 

 

• Provides relationship between the polarization resistance and the corrosion current. 

• Faraday’s law provides the relationship between the corrosion current and the 

corrosion rate (rate of mass loss). 

• Assume that Rn = Rp. 

    I  = B/R                corr p  

    B = babc/2.303(ba + bc) 

ba and bc are respectively Tafel parameters for the anodic and cathodic reactions. 
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• Stern – Geary relationship does not take into account mass transfer effects correctly. 

We have modified the theory to include mass transport effects, yielding 

clc
corr

ca

ca
corr

EE
corr

p Ib
I

bb
bbI

E
I

R
corr ,

2 303.2)(303.211
−

+
+⎟

⎠
⎞

⎜
⎝
⎛

∂
∂

=
=

α
α

 

where 

• α is the fraction of the surface upon which the anodic reaction occurs 

• Il,c is the mass transfer limited cathodic current. 

• Limiting cases 

1) If the cathodic reaction is charge transfer controlled, i.e. ,  corrcl II >>,

    
ca

ca
corr

p bb
bbI

R
)(303.21 +

=      

which is exactly the Stern-Geary relationship.  

2) If, however, the cathodic reaction is purely mass transport controlled, i.e. 

,  clcorr II ,=

          
a

corr
p b

I
R

303.21
=      

For both above cases, the ratio of to  does not depend on flow rate.  pR corrI

3) If the entire surface of the electrode is in passive state and the anodic current is 

a constant with respect to potential: 

c
corr

p b
I

R
303.21

=      

 
 

Stern Geary constant, B* (Icorr=B*/Rn), evaluated via ENA and B {B=babc/(ba+bc)} evaluated 

via polarization measurements.  

 
Temperature °C B* (ENA), 

volts 
bc, volts ba, volts B (polarization), 

volts 
150 0.007 0.07 0.17 0.022 
200 0.02 0.17 0.19 0.039 
250 0.07 0.60 0.21 0.068 
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300 0.04 0.40 0.23 0.063 
350 0.045 No data No data No data 
390 0.008 No data No data No data 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

10. SUMMARY 

 

In-situ potentiometric measurement of pH 
 

Advanced electrodes and sensors for in-situ potentiometric monitoring of pH in high 
subcritical and supercritical aqueous solutions were developed.  An experimental flow-
through thermocell was fabricated to test the flow-through reference electrode, the flow-
through hydrogen electrode, and the flow-through YSZ pH sensor.   
An approach was developed for experimentally evaluating the association constant of 1-1 
aqueous electrolytes using a flow-through electrochemical thermocell.  The thermocell 
consists of a flow-through Pt(H2) electrode and a flow-through external reference electrode.  
The viability of this method is verified using the previously obtained emf data for aqueous 
HCl solutions at temperatures from 300 to 360°C and pressures of 27.5 and 33.8 MPa.  The 
derived values of the association constant of HCl(aq) are in good agreement with literature 
data.  pH values of the 0.01 and 0.001 mol kg-1 aqueous HCl solution are determined at 
temperatures and pressures of interest.  
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In-situ measurement of corrosion rate via EES 
 

An Electrochemical Emission Spectroscopic sensor has been developed for in-situ 
measurement of corrosion rate in high subcritical and supercritical conditions.  The sensor 
was evaluated in a contamination-free, flow-through hydrothermal electrochemical cell.  We 
found that: 

 
1) By measuring potential and coupling current of a pair of identical metal electrodes, the 

corrosion rate can be evaluated quantitatively. 
2) The corrosion rate of Type 304 SS is a function of temperature and flow rate and that the 

corrosion rate passes a maximum at 350°C as predicted by theory. 
3) The proportionality between the inverse noise resistance and corrosion rate evaluated 

from mass loss tests exists over a wide range of conditions, i.e. temperature from 150 to 
390°C and flow rate from 0.375 to 1.00 ml/min. 

4) The Stern-Geary relationship is valid for temperatures higher than 150°C and that the 
Stern-Geary constant can be evaluated from the proportionality between the corrosion 
rate and the inverse noise resistance.  

5) More information on electrochemical parameters is needed to clarify the mechanisms of 
corrosion in subcritical and supercritical aqueous environments, which is a topic for our 
future work. 
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BACKGROUND
• Principal threat to coolant circuit integrity is 

SCC.
• SCC is primarily an electrochemical problem, 

at least in the Stage II region where CGR is 
only weakly dependent upon stress intensity.

• Effective solutions to the problem are likely to 
be electrochemical in nature; e.g. control of the 
ECP.

• Electrochemical science, while not included in 
the educational curricula of nuclear or 
mechanical engineers, is well developed thereby 
providing an effective modeling environment.



OUTLINE

• What is the problem?
• What do we need to know?
• Nature of the models?
• Plant specificity?
• Model/Operator interface?
• Future?



GENERAL PRECEPTS

• It will only ever be possible to measure ECP in 
a few locations in the HTC of a nuclear plant.

• Such activities are “foreign” to plant operators 
and hence must be as non-intrusive as possible.

• Reliability is the key to acceptance.
• Must provide the operator with information 

that he/she can understand (accumulated 
damage versus concentration of radiolysis 
products or even ECP).



Boiling Water Reactors

• Have suffered extensively from Intergranular Stress 
Corrosion Cracking (IGSCC) in the recirculation 
piping and in-vessel components since the 1970s.

• Occurs primarily (but not exclusively) in weld-
sensitized Type 304 SS.

• Major impact on reactor operation and economics.
• IGSCC shown to be primarily an “electrochemical” 

phenomenon, with the most effective solution
(modification of the ECP) being electrochemical in 
nature.



Where and When It 
Occurs

SS Heat Transport Components

–Ex-Vessel

–In-Vessel

Three Factors Together

–High Stress

–An Aggressive Environment

–A Susceptible Material



Connections
How all the topics fit together

Thermal-Hydraulic Data

Dose Rate Profiles

Initial Conditions

Velocity, Temperature,

& Plant Data

& Steam Quality

Neutron & Gamma

Water Radiolysis

Radiolytic Effects

Chemical Reactions

Fluid Convection

Corrosion Potential

Crack Growth Rate

Species
Concentrations



Methodology

• Radiolysis of Water in BWR Heat 
Transport Circuit
– Chemical/ionic composition of bulk water

• Electrochemical Corrosion Potential
– Charge/mass transfer at metal/water interface

• Crack Growth Rates in Components
– Electrochemical Dissolution Of Metal



Radiolysis of Water in the 
Heat Transport Circuit

• Balance of Species: LOSS + GAIN = 0
– Radiolytic Yield
– Chemical Kinetics (Reactants & Products)
– Boiling (Liquid and Gas Exchange)
– Convection
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Electrochemical Corrosion 
Potential (ECP)

• R/O Reactions at 
Metal/Solution 
Interface

•
• Charge and Mass 

Transfer

• Conservation of 
Charge: Net Current 
is Zero

• Mixed Potential, ECP
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ECP Calculated/Measured
Recirculation

Feedwater Hydrogen Concentration (ppm)
0.0 0.5 1.0 1.5 2.0

E
C

P
 (m

V
)

-500

-400

-300

-200

-100

0

100

200

300

Measured (accuracy = 50 mV)
Calculated (accuracy = 40 mV)



Crack Growth Rates
Crack Advance Mechanism

–Slip-Dissolution-Repassivation

Stress
–Kinetics of Rupture of the Oxide Film at the Metal Surface

Metal-Solution Interface
–Place for Anodic/Cathodic Reactions to Occur

Water Chemistry
–Supplies Oxidizing/Reducing Species

–Controls Conductivity of Water

Metallurgical Aspects
–Ability to Dissolve Locally Forming Cracks



CGR Calculated/Measured



Configuration of a BWR 
with external pumps

12

3
4

5

6

7

8

9

10

Steam Separator
Feedwater

Main Steam Line

Recirculation Pump

Component 1 Component 2

Component 3 Component 4

Component 5

Component 6

Component 10

Component 7

Component 8

Core Channel Core Bypass

Upper Plenum Mixing Plenum

Upper Downcomer

Lower Downcomer

Recirculation 
System

Jet Pump

Top Lower Plenum

f1 1−f1

To Steam Line

f2

1−f2

Feedwater

f2

f3

1−f3

Liquid

Steam

f1
f2

f3

: Fraction of Mass Flow into Core Channel

: Fraction of Mass Flow out of the Circuit or

: Fraction of Mass Flow from Upper Downcomer into Jet Pump 

  Ration of Feedwater Mass Flow to Total Mass Flow

Component 9
Bottom Lower Plenum



Plant Data: State Point
State Point Data

Path T Flow Steam Void H.D.      Dose Rate Surface Coating          Initial Critical
Velocity Velocity Fraction Diameter Neutron Gamma Catal (Exchange Current Density Modifier) K Crack K Crack

(cm) (C) (cm/s) (cm/s) -- (cm) (R/s) (R/s) H2O2 H2 O2 H2O2 MPa*m^1/2 cm MPa*m^1/2 cm

0.0 276.7 217.6 257.8 0.000 1.595 2.43E+04 5.02E+03 1 1 1 1 15 0.3
15.2 276.9 217.6 257.8 0.000 1.595 2.43E+04 5.02E+03 1 1 1 1 15 0.3
30.5 279.6 217.9 258.2 0.000 1.595 9.15E+04 1.89E+04 1 1 1 1 15 0.3
45.7 280.6 218.5 258.9 0.000 1.595 1.33E+05 2.74E+04 1 1 1 1 15 0.3
61.0 281.7 220.2 260.9 0.005 1.595 1.54E+05 3.17E+04 1 1 1 1 15 0.3
76.2 282.9 225.1 266.9 0.023 1.595 1.97E+05 4.06E+04 1 1 1 1 15 0.3
91.4 284.3 238.5 283.9 0.081 1.595 3.26E+05 6.74E+04 1 1 1 1 15 0.3

106.7 285.6 257.3 308.3 0.150 1.595 3.79E+05 7.82E+04 1 1 1 1 15 0.3
121.9 286.8 280.5 339.1 0.223 1.595 4.04E+05 8.34E+04 1 1 1 1 15 0.3
137.2 287.7 307.2 375.6 0.295 1.595 4.17E+05 8.60E+04 1 1 1 1 15 0.3
152.4 288.4 336.1 416.8 0.360 1.595 4.23E+05 8.73E+04 1 1 1 1 15 0.3
167.6 288.9 366.1 461.4 0.418 1.595 4.25E+05 8.76E+04 1 1 1 1 15 0.3
182.9 289.2 396.3 508.4 0.468 1.595 4.25E+05 8.77E+04 1 1 1 1 15 0.3
199.1 289.5 426.1 557.2 0.511 1.595 4.25E+05 8.76E+04 1 1 1 1 15 0.3
213.4 289.7 455.0 607.1 0.547 1.595 4.23E+05 8.73E+04 1 1 1 1 15 0.3
228.6 289.8 482.7 657.6 0.578 1.595 4.20E+05 8.67E+04 1 1 1 1 15 0.3
243.3 289.9 509.0 708.2 0.605 1.595 4.17E+05 8.60E+04 1 1 1 1 15 0.3
259.1 289.9 533.8 758.8 0.628 1.595 4.12E+05 8.50E+04 1 1 1 1 15 0.3
274.3 290.0 557.2 809.2 0.648 1.595 4.08E+05 8.42E+04 1 1 1 1 15 0.3
289.6 290.0 580.0 859.3 0.666 1.595 4.06E+05 8.39E+04 1 1 1 1 15 0.3
304.8 290.0 602.4 908.3 0.683 1.595 4.06E+05 8.37E+04 1 1 1 1 15 0.3
320.0 290.1 624.0 956.3 0.698 1.595 3.98E+05 8.20E+04 1 1 1 1 15 0.3
335.3 290.1 644.8 1001.4 0.711 1.595 3.76E+05 7.77E+04 1 1 1 1 15 0.3
350.5 290.0 662.6 1041.5 0.722 1.595 3.33E+05 6.87E+04 1 1 1 1 15 0.3
365.8 289.9 677.6 1073.8 0.730 1.595 2.60E+05 5.36E+04 1 1 1 1 15 0.3
381.0 289.7 683.1 1087.8 0.734 1.595 9.24E+04 1.91E+04 1 1 1 1 15 0.3



Oxygen Concentration
NWC HWC (0.5 ppm H2)

[H2]FW = 0.0 ppm

Flow Path Distance from Core Inlet (cm)
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H2O2 Concentration
NWC HWC (0.5 ppm H2)

[H2]FW = 0.0 ppm

Flow Path Distance from Core Inlet (cm)
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H2 Concentration
NWC HWC (0.5 ppm H2)

[H2]FW = 0.0 ppm

Flow Path Distance from Core Inlet (cm)
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Corrosion Potential (ECP)
NWC HWC(0.5 ppm H2)

[H2]FW = 0.0 ppm

Flow Path Distance from Core Inlet (cm)
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Crack Growth Rate
NWC HWC (0.5 ppm H2)

[H2]FW = 0.0 ppm
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Figure 2: Effect of hydrogen addition on the oxygen 
concentration in the recirculation system exit of Dresden 
2.



Figure 3: The effect of hydrogen addition on the 
oxygen concentration in the recirculation system 
exit of Duane Arnold. 



Figure 4: Comparison of measured (remote 
autoclave) and calculated ECP variations at 
different flow velocities for Duane Arnold under 
HCW.



Figure 5: ECP and crack growth rate variations in the 
heat transport circuit of Dresden-2 under NWC 
([H2]FW=0.00 ppm) and HWC ([H2]FW=1.0 ppm).



Figure 6: ECP and crack growth rate variations in the heat 
transport circuit of Duane Arnold under NWC ([H2]FW=0.00 
ppm) and HWC ([H2]FW=1.0 ppm).



Figure 7: ECP and crack growth rate variations in the heat 
transport circuit of Dresden-2 employing general catalysis 
(exchange current density multiplier=104) under NWC 
([H2]FW=0.0 ppm) and HWC ([H2]FW=1.0 ppm).



Figure 8: ECP and crack growth rate variations in the heat 
transport circuit of Dresden-2 employing general inhibition 
(exchange current density multiplier=104) under NWC 
([H2]FW=0.0 ppm) and HWC ([H2]FW=1.0 ppm).



Case Study
• GE Model 6 BWR.
• Path to future state specified.
• Normal Water Chemistry / Hydrogen Water 

Chemistry.
• Catalytic Coatings or Inhibiting Dielectric 

Films (e.g., ZrO2).
• Calculates Radiolysis Product Concentrations, 

ECP, Crack Growth Rate, and Accumulated 
Damage over the Plant Evolutionary Path.



Reactor Design Information
Reactor Regions

# Name Output Mesh (cm)
1 Core_Channel 10
2 Core_Bypass 10
3 Upper_Plenum 10
4 Mixing_Plenum 10
5 Upper_Downcomer 10
6 Lower_Downcomer 10
7 Recirculation 100
8 Jet_Pump 10
9 Bottom_of_the_Lower_Plenum 10
10 Top_of_the_Lower_Plenum 10
 
 



Coolant Flow Path
Flow Mixing Table

From                 To

Co
re

_C
ha

nn
el

Co
re

_B
yp

as
s

Up
pe

r_
Pl

en
um

M
ixi

ng
_P

len
um

Up
pe

r_
Do

wn
co

m
er

Lo
we

r_
Do

wn
co

m
er

Re
cir

cu
lat

ion

Je
t_

Pu
m

p

Bo
tto

m
_o

f_
th

e_
Lo

we
r_

Pl
en

um

To
p_

of
_t

he
_L

ow
er

_P
len

um

Core_Channel 0.901
Core_Bypass 0.099

Upper_Plenum 0.85
Mixing_Plenum 1

Upper_Downcomer 1 0.695
Lower_Downcomer 1

Recirculation 0.305
Jet_Pump 1

Bottom_of_the_Lower_Plenum 1
Top_of_the_Lower_Plenum 1 1

Feedwater 0.15

Control Sum 1 1 1 1 1 1 1 1 1 1
          



Geometry, Thermo-Hydraulics, 
Radiation Levels, Stresses, Cracks, 

Coatings
State Point Data

Path T Flow Steam Void H.D.      Dose Rate Surface Coating          Initial Critical
Velocity Velocity Fraction Diameter Neutron Gamma Catal (Exchange Current Density Modifier) K Crack K Crack

(cm) (C) (cm/s) (cm/s) -- (cm) (R/s) (R/s) H2O2 H2 O2 H2O2 MPa*m^1/2 cm MPa*m^1/2 cm

0.0 276.7 217.6 257.8 0.000 1.595 2.43E+04 5.02E+03 1 1 1 1 15 0.3
15.2 276.9 217.6 257.8 0.000 1.595 2.43E+04 5.02E+03 1 1 1 1 15 0.3
30.5 279.6 217.9 258.2 0.000 1.595 9.15E+04 1.89E+04 1 1 1 1 15 0.3
45.7 280.6 218.5 258.9 0.000 1.595 1.33E+05 2.74E+04 1 1 1 1 15 0.3
61.0 281.7 220.2 260.9 0.005 1.595 1.54E+05 3.17E+04 1 1 1 1 15 0.3
76.2 282.9 225.1 266.9 0.023 1.595 1.97E+05 4.06E+04 1 1 1 1 15 0.3
91.4 284.3 238.5 283.9 0.081 1.595 3.26E+05 6.74E+04 1 1 1 1 15 0.3

106.7 285.6 257.3 308.3 0.150 1.595 3.79E+05 7.82E+04 1 1 1 1 15 0.3
121.9 286.8 280.5 339.1 0.223 1.595 4.04E+05 8.34E+04 1 1 1 1 15 0.3
137.2 287.7 307.2 375.6 0.295 1.595 4.17E+05 8.60E+04 1 1 1 1 15 0.3
152.4 288.4 336.1 416.8 0.360 1.595 4.23E+05 8.73E+04 1 1 1 1 15 0.3
167.6 288.9 366.1 461.4 0.418 1.595 4.25E+05 8.76E+04 1 1 1 1 15 0.3
182.9 289.2 396.3 508.4 0.468 1.595 4.25E+05 8.77E+04 1 1 1 1 15 0.3
199.1 289.5 426.1 557.2 0.511 1.595 4.25E+05 8.76E+04 1 1 1 1 15 0.3
213.4 289.7 455.0 607.1 0.547 1.595 4.23E+05 8.73E+04 1 1 1 1 15 0.3
228.6 289.8 482.7 657.6 0.578 1.595 4.20E+05 8.67E+04 1 1 1 1 15 0.3
243.3 289.9 509.0 708.2 0.605 1.595 4.17E+05 8.60E+04 1 1 1 1 15 0.3
259.1 289.9 533.8 758.8 0.628 1.595 4.12E+05 8.50E+04 1 1 1 1 15 0.3
274.3 290.0 557.2 809.2 0.648 1.595 4.08E+05 8.42E+04 1 1 1 1 15 0.3
289.6 290.0 580.0 859.3 0.666 1.595 4.06E+05 8.39E+04 1 1 1 1 15 0.3
304.8 290.0 602.4 908.3 0.683 1.595 4.06E+05 8.37E+04 1 1 1 1 15 0.3
320.0 290.1 624.0 956.3 0.698 1.595 3.98E+05 8.20E+04 1 1 1 1 15 0.3
335.3 290.1 644.8 1001.4 0.711 1.595 3.76E+05 7.77E+04 1 1 1 1 15 0.3
350.5 290.0 662.6 1041.5 0.722 1.595 3.33E+05 6.87E+04 1 1 1 1 15 0.3
365.8 289.9 677.6 1073.8 0.730 1.595 2.60E+05 5.36E+04 1 1 1 1 15 0.3
381.0 289.7 683.1 1087.8 0.734 1.595 9.24E+04 1.91E+04 1 1 1 1 15 0.3

0.0 279.0 28.2 0.0 0.000 3.020 4.25E+04 4.38E+04 1 1 1 1 27.5 0.5
381.0 286.0 28.2 0.0 0.000 3.020 4.25E+04 4.38E+04 1 1 1 1 27.5 0.5



Plant Operation
Power and Water Chemistry History
Operation Periods Feedwater % Rated Impurities (ppb)
Months Days Hours Power H2 O2 Flow Temp Cl- SO4-- CO3--

8 20% 0 0.053 20% 52% 6 6 15
16 50% 0 0.053 50% 69% 4 4 10
24 80% 0 0.053 70% 87% 3 3 8
32 100% 0 0.053 100% 100% 2 2 5

1 100% 1 0.053 100% 100% 2 2 5
2 100% 1 0.053 100% 100% 2 2 5
3 100% 1 0.053 100% 100% 2 2 5
6 100% 1 0.053 100% 100% 2 2 5
9 100% 1 0.053 100% 100% 2 2 5
12 100% 1 0.053 100% 100% 2 2 5
15 100% 1 0.053 100% 100% 2 2 5
18 100% 1 0.053 100% 100% 2 2 5
20 100% 1 0.053 100% 100% 2 2 5
20 8 20% 0 0.053 20% 52% 6 6 15
20 16 50% 0 0.053 50% 69% 4 4 10
20 24 80% 0 0.053 70% 87% 3 3 8
20 32 100% 0 0.053 100% 100% 2 2 5
21 30% 1 0.053 100% 100% 2 2 5
21 8 20% 0 0.053 20% 52% 6 6 15
21 16 50% 0 0.053 50% 69% 4 4 10
21 24 80% 0 0.053 70% 87% 3 3 8
21 32 100% 0 0.053 100% 100% 2 2 5
22 90% 1 0.053 100% 100% 2 2 5



Input File: State Point Data
10         44
Core_Channel
Core_Bypass
Upper_Plenum
Mixing_Plenum
Upper_Downcomer
Lower_Downcomer
Recirculation
Jet_Pump
Bottom_of_the_Lower_Plenum
Top_of_the_Lower_Plenum

0       0   0.901       0       0       0        0         0       0       0
0       0   0.099       0       0       0        0         0       0       0
0       0       0    0.85       0       0        0         0       0       0
0       0       0       0       1       0        0         0       0       0
0       0       0       0       0       1        0     0.695       0       0
0       0       0       0       0       0        1         0       0       0
0       0       0       0       0       0        0     0.305       0       0
0       0       0       0       0       0        0         0       1       0
0       0       0       0       0       0        0         0       0       1
1       1       0       0       0       0        0         0       0       0

0       0       0    0.15       0       0        0         0       0       0

0.00  276.67  217.58  257.81       0   1.595  2.43E+04  5.02E+03       1       1     1     1    15   0.3
15.24  276.85  217.58  257.81       0   1.595  2.43E+04  5.02E+03       1       1     1     1    15   0.3
30.48  279.63  217.90  258.19       0   1.595  9.15E+04  1.89E+04       1       1     1     1    15   0.3
45.72  280.63  218.52  258.92       0   1.595  1.33E+05  2.74E+04       1       1     1     1    15   0.3
60.96  281.71  220.15  260.86   0.005   1.595  1.54E+05  3.17E+04       1       1     1     1    15   0.3
76.20  282.85  225.05  266.91   0.023   1.595  1.97E+05  4.06E+04       1       1     1     1    15   0.3
91.44  284.27  238.48  283.93   0.081   1.595  3.26E+05  6.74E+04       1       1     1     1    15   0.3
106.68  285.64  257.32  308.27    0.15   1.595  3.79E+05  7.82E+04       1       1     1     1    15   0.3
121.92  286.80  280.54  339.09   0.223   1.595  4.04E+05  8.34E+04       1       1     1     1    15   0.3
137.16  287.71  307.16  375.60   0.295   1.595  4.17E+05  8.60E+04       1       1     1     1    15   0.3
152.40  288.39  336.05  416.77    0.36   1.595  4.23E+05  8.73E+04       1       1     1     1    15   0.3



Output: Chemistry, ECP, CGR
1.Core_Channel

X T pH OH- H2O2 HO2 HO2- O2 O2- H2 O2g H2g ECP REDOX CGR Cond25 COND
(cm) (C) ppb ppb ppb ppb ppb ppb ppb ppm ppm mV SHE mV pm/s uS/cm uS/cm

0 276.7 5.6 50 18 0 2 184 1 1 --- --- 205 169 368 0.11 3.91
10 276.8 5.6 48 61 1 7 174 4 3 --- --- 239 186 487 0.11 3.9
20 277.7 5.6 46 104 1 12 168 5 5 --- --- 245 189 506 0.11 3.9
30 279.6 5.6 44 185 1 20 160 7 10 --- --- 249 189 515 0.11 3.89
40 280.3 5.6 42 276 1 28 156 7 15 --- --- 252 190 527 0.11 3.88
50 280.9 5.6 41 356 1 35 155 8 20 2.9 0.4 252 189 528 0.11 3.88
60 281.6 5.5 40 421 2 41 155 9 24 13.4 2.4 254 190 534 0.1 3.88
70 282.4 5.5 39 474 2 45 153 9 26 14.1 2.9 255 192 538 0.1 3.87
80 283.2 5.5 38 518 2 48 150 9 27 14.4 3.2 258 195 550 0.1 3.87
90 284.2 5.5 38 558 2 51 147 9 24 16.2 3.6 263 201 564 0.1 3.86

100 285.1 5.5 37 584 2 53 151 9 22 18.1 3.8 267 206 581 0.1 3.85
110 285.9 5.5 37 594 2 54 155 9 19 20.1 3.9 270 209 588 0.1 3.85
120 286.7 5.5 38 594 2 54 155 9 17 21.5 3.8 272 212 595 0.1 3.84
130 287.3 5.5 38 587 2 54 152 8 16 22.2 3.6 273 213 598 0.1 3.83
140 287.8 5.5 38 575 2 53 146 8 15 22.4 3.5 275 216 601 0.1 3.83
150 288.3 5.5 38 562 2 53 140 8 14 22.2 3.3 275 216 600 0.1 3.83
160 288.6 5.5 39 548 1 52 134 8 13 21.9 3.2 276 217 606 0.1 3.82
170 288.9 5.5 39 535 1 51 128 7 12 21.4 3.0 277 218 606 0.1 3.82
180 289.2 5.5 40 522 1 50 123 7 11 20.8 2.9 277 219 604 0.1 3.82
190 289.3 5.5 40 511 1 49 118 7 11 20.4 2.8 278 220 608 0.1 3.82
200 289.5 5.5 40 501 1 49 114 7 10 19.9 2.7 278 220 609 0.1 3.82
210 289.6 5.5 40 492 1 48 110 7 10 19.2 2.6 278 221 609 0.1 3.81
220 289.7 5.5 41 483 1 48 105 6 9 18.7 2.5 279 221 615 0.1 3.81
230 289.8 5.5 41 475 1 47 102 6 9 18.2 2.4 280 222 616 0.1 3.81
240 289.9 5.5 41 468 1 47 99 6 8 17.7 2.3 280 223 618 0.1 3.81
250 289.9 5.5 41 461 1 46 96 6 8 17.3 2.3 281 224 621 0.1 3.81
260 289.9 5.5 42 455 1 46 93 6 8 16.9 2.2 281 224 624 0.1 3.81
270 290.0 5.5 42 449 1 46 91 6 8 16.6 2.2 281 224 622 0.1 3.81
280 290.0 5.5 42 444 1 45 88 6 7 16.2 2.1 281 224 625 0.1 3.81
290 290.0 5.5 42 439 1 45 86 6 7 15.9 2.1 282 225 628 0.1 3.81
300 290.0 5.5 42 435 1 45 84 5 7 15.6 2.0 282 226 628 0.1 3.81



Coolant Chemistry
1.Core_Channel

X H2O2 O2 H2
(cm)

0 18 184 1
10 61 174 3
20 104 168 5
30 185 160 10
40 276 156 15
50 356 155 20
60 421 155 24
70 474 153 26
80 518 150 27
90 558 147 24

100 584 151 22
110 594 155 19
120 594 155 17
130 587 152 16
140 575 146 15
150 562 140 14
160 548 134 13
170 535 128 12
180 522 123 11
190 511 118 11
200 501 114 10
210 492 110 10
220 483 105 9
230 475 102 9
240 468 99 8
250 461 96 8
260 455 93 8
270 449 91 8
280 444 88 7
290 439 86 7
300 435 84 7
310 431 82 7
320 427 81 7
330 422 79 7
340 416 77 6
350 408 76 6
360 397 74 6
370 382 73 6
380 358 71 6
381 356 71 6
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Corrosion Potential
1.Core_Channel

X ECP
(cm) SHE

0 205
10 239
20 245
30 249
40 252
50 252
60 254
70 255
80 258
90 263

100 267
110 270
120 272
130 273
140 275
150 275
160 276
170 277
180 277
190 278
200 278
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Crack Growth Rate
1.Core_Channel

X CGR
(cm) pm/s

0 0
0 368

10 487
20 506
30 515
40 527
50 528
60 534
70 538
80 550
90 564

100 581
110 588
120 595
130 598
140 601
150 600
160 606
170 606
180 604
190 608
200 609
210 609
220 615
230 616
240 618
250 621
260 624
270 622
280 625
290 628
300 628
310 632
320 635
330 634
340 637
350 639
360 637
370 632
380 629
381 629
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Plant Evolutionary Path
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Plant Evolutionary Path, 
cont’d

O2

0

50

100

150

200

250

0 20 40 60 80 100 120 140

Time (months)

O
2 

Co
nc

en
tra

tio
ns

 (p
pb

)

H2

0

5

10

15

20

25

30

0 20 40 60 80 100 120 140

Time (months)

H
2 

C
on

ce
nt

ra
tio

n 
(p

pb
)



Plant Evolutionary Path, 
cont’d

ECP
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Plant Evolutionary Path, 
cont’d
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Accumulated Damage, Core 
Shroud
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Crack History
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Remote ECP Determination

• Reference electrodes are more intrusive
than sampling lines.

• Reference electrodes are not reliable in 
high flux regions (e.g., core).

• Platinum is not an acceptable reference
electrode (see poster).







Decomposition of H2O2

H2O2 H2O + (1/2)O2





Verification of the ECP-
Transfer Algorithm

• Generated synthetic data using the MPM 
to test the algorithm.









Pressurized Water Reactors
• Two circuits – primary and secondary.  Modeling work 

pertains to primary side only.
• SCC problems perceived to be less in PWRs than in 

BWRs, but they still occur – baffle bolts, head 
penetrations, etc.

• Primary circuit is often and erroneously perceived to 
be a “giant hydrogen electrode”, with the potential 
being clamped at the hydrogen electrode reaction 
equilibrium line.

• Primary circuit of a PWR is considerably more 
complex than that of a BWR, with greater variations in 
parameters (temperature, flow velocity, etc).



Why Do We Need To Know The Potential?

Figure 2 – Percentage of IGSCC on the fracture surface as a function
of applied potential (Ecor taken as 0 mV).

Figure 3 – Percentage of IGSCC on the fracture surface as a function
of applied potential vs SHE. (After Totsuka and Smialowska).



Figure A1. PWR primary circuit.  Note that Section 18 receives the mass flows of 
Sections 25, 34, and 17 at different positions. 



Figure 5. ECP vs. distance for the fuel channels and core 
bypass in a PWR under full power operation with 
oxygenated make-up water ([O2] = 5 mg/kg).  S2-S4 = Core 
Return, S5-S7 = Fuel Channels, S8 = Part Sup. Core, S9 = 
By-pass Tube Guide, S10 = By-pass Inner-Cavity, S11 = 
By-pass Grid.
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Figure 6. ECP vs. distance for the fuel channels and core 
bypass in a PWR under full power operation with 
deoxygenated feed-water ([O2] = 0.005 mg/kg).  S1 = Core 
Return, S2 = Hot Zone, S3 = Fuel Channels, S4 = Upper 
Core, S5 = By-pass Tube Guide, S6 = By-pass Coeur-
Cavity, S7 = By-pass grid.
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Figure 7. ECP vs. distance for the fuel channels and core bypass in a 
PWR under cold shutdown conditions.  S2-S4 = Core Return, S5-S7 = 
Fuel Channels, S8 = Upper Core, S9 = By-pass Tube Guide, S10 = By-
Pass Cavity, S11 = By-Pass Grid.
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Figure 8. ECP vs. distance for the main primary coolant loop in 
a PWR under full power operation with oxygenated make-up 
water ([O2] = 5 mg/kg).
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Figure 9. ECP vs. distance for the pressurizer loop in a PWR under 
full power operation with oxygenated make-up water ([O2] = 5 
mg/kg).
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Figure 10. ECP vs. distance for the reactor water cleanup unit (CVCS) in 
a PWR under full power operation with oxygenated make-up water ([O2] = 
5 mg/kg).
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Figure 11. ECP vs. distance for the main primary coolant loop in a PWR 
under full power operation, but with deaerated make-up water ([O2] = 0.005 
mg/kg).
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Figure 12. ECP vs. distance for the pressurizer loop in a PWR 
under full power operation, but with deaerated make-up water ([O2] 
= 0.005 mg/kg).
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Figure 13. ECP vs. distance for the CVCS loop in a PWR under full 
power operation, but with deaerated make-up water ([O2] = 0.005 
mg/kg).
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Figure 14. ECP vs. distance for the main loop in a PWR under cold 
shutdown conditions, in which the dose rates are assumed to be 0.1 % of the 
full power values.
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Figure 15. ECP vs. distance for the RHRS loop in a PWR 
under cold shutdown conditions, in which the dose rates are 
assumed to be 0.1 % of the full power values.
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Figure 16. ECP vs. distance for the CVCS loop in a PWR under cold 
shutdown conditions, in which the dose rates are assumed to be 0.1 % 
of the full power values.
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Summary and Conclusions

BWRs
• Modeling of the radiolysis product concentrations, ECP, crack 

growth rate, and accumulated damage in BWR heat transport 
circuits is practical.

• Algorithms can be used to determine damage parameters in 
inaccessible locations.

• Considerable improvement in needed in reference electrode 
technology for the direct monitoring of ECP in in-vessel regions.

• ECP-Transfer is a reliable and effective way of determining ECP 
in the coolant circuit without insertion of reference electrodes into 
the coolant lines or RPV.

• Remote location of reference electrodes conducive to easy 
maintenance.

• Minimally intrusive – operators are (more) happy!



Summary and Conclusions 
(cont)

PWRs
• Surprisingly large changes are predicted to occur in the ECP as a 

function of distance under normal operating conditions.
• Oxygen in the make-up water at a level of 5 mg/kg is predicted to 

shift the ECP in the positive direction by 100 to 300 mV, 
depending upon the location, even when 25 cc(STP)/kg of 
hydrogen is present in the coolant.

• De-oxygenation of the feed-water to [O2] = 0.005 mg/kg is 
predicted to have a significant impact on the ECP of in-vessel 
components.

• We recommend that PWR operators embark on an ECP 
monitoring program in operating PWRs.  The ECP should be 
measured in accessible regions that show similar sensitivity to 
added O2 as does the in-vessel components (as determined by 
modeling). 
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A chemistry/radiolysis/mixed potential model has been developed to calculate 
radiolytic species concentrations and corrosion potential at closely spaced points around 
the primary coolant circuit of a pressurized water reactor (PWR).  The pH, as a function 
of temperature of the coolant, is calculated at each point of the primary loop using a 
chemical equilibrium model.  The radiolysis model is a modified version of the code 
developed to previously model the radiochemistry and corrosion properties of Boiling 
Water Reactor (BWR) primary coolant circuits by Macdonald [10].  The modifications 
include additional species and reactions taken from other models [17, 24, 28, 29] for 
describing the radiolysis of water.   

The model offers the possibility of choosing up to 48 different sets of reactions when 
calculating species concentrations.  The set of 34 reactions used to calculate the ECP in a 
BWR by Macdonald was completed up to 48 reactions.  Six different modified subsets 
were obtained from that original set as indicated in Table 3.  In this paper, we explore (1) 
the impact of choosing different sets in the calculation of the ECP and (2) the impact on 
the ECP calculations when 14 additional authors’ data for the 48 reactions were used (in 
addition to the original 34 reaction sets used by Macdonald and the set of 48 reactions 
obtained by adding 14 additional reactions to the original 34 reactions set; data on the 48 
reactions from the 14 authors was compiled and shown in Table 4.  The radiolytic yields 
for the primary species (14 different species as this paper we selected to work with the set 
shown in Table 2.  It is important to recognize the dictions due to the fact that we 
currently have electrochemical kinetic data for only a limited number of redox species 
(H2, O2, H2O2) on Type 304 SS, so only this substrate could be modeled with respect to 
the ECP.  However, it is believed that Type 304 SS serves as a good analog for other 
stainless steels and, perhaps, for nickel-based alloys, such as Alloys 600 and 718, as well, 
because all chromium-containing alloys appear to form passive films that are essentially 
Cr2O3 having same thickness at any given potential.   

The impact of the various reaction sets and rate constant values on the calculated ECP 
for primary coolant circuit components [results on 2 parts of the core only are shown in 
this paper] in a hypothetical PWR under normal (full power) operating conditions was 
explored.  Results are a warning to researchers on the importance to consider the 
appropriate set of reactions and the appropriate values for the corresponding rate 
constants. 
 
 

I. Background 
 

The purpose of this section is to briefly review 
radiolysis/ECP modeling of the heat transport 
circuits for water-cooled nuclear reactors.  The 
review is not intended to be comprehensive, but 

instead is written to identify issues that must be 
addressed in the present work and provide the 
reader with a sense of where the field now stands. 

Sophisticated models have been developed for 
predicting the chemical and electrochemical 
properties of the primary coolant circuits of Boiling 
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Water Reactors (BWRs) [2-15], and some of these 
models are now used routinely to calculate 
radiolytic species concentrations and the ECP over 
the full range of operating conditions experienced 
in this type of reactor.  The impetus for the 
development of the models was the need to prevent, 
or at least minimize, intergranular stress corrosion 
cracking (IGSCC) and irradiation assisted stress 
corrosion cracking (IASCC) of stainless steels. 

The currently preferred method of 
accomplishing this task is adding a small amount of 
hydrogen, typically < 1.5 ppm, to the reactor’s 
feedwater to displace the ECP below -230 mVSHE, 
the value adopted by the Nuclear Regulatory 
Commission (NRC) as the critical potential for 
IGSCC (and possibly IASCC) in sensitized Type 
304 SS in BWR primary circuits.  However, the 
resultant reducing conditions lead to the formation 
of 16NH3, which is a gamma emitter.  The volatile 
ammonia is transported in the steam phase to the 
turbines and condensers, and the resulting radiation 
fields exact a high man-REM cost on the operator, 
which must be balanced against the potential 
benefits of hydrogen water chemistry (HWC).  
Furthermore, it is not clear that HWC is effective in 
protecting some components against IGSCC and 
IASCC, particularly in-vessel components that are 
exposed to high gamma and neutron fields.  
Furthermore, the level of effectiveness appears to 
depend strongly upon the particular reactor under 
consideration.  Thus, Ruiz et al [2], using 
radiochemical-modeling techniques, combined with 
recirculation line oxygen measurements, analyzed 
the responses of nine commercial BWRs to HWC.  
They showed that the ability of hydrogen added to 
the feedwater to reduce the oxygen in the 
recirculation system varied greatly from plant-to-
plant. 

Macdonald et al [3], using Ruiz and coworker’s 
[2] calculated H2, O2, and H2O2 concentrations at 
various points around the primary heat transport 
circuits of various GE-designed BWRs, estimated 
the ECP using a Mixed Potential Model (MPM).  
They found that HWC, as described by Ruiz et al 
[2], could not be effective in displacing the ECP of 
many in-vessel components to sufficiently negative 
values, so as to achieve protection, as the hydrogen 
added to the feedwater was increased over a 
practical range.  These components include the core 
and bypass structure, the upper plenum structures, 
and the downcomer.  In some reactors, it was 
doubtful that HWC could protect the recirculation 
system and lower plenum, but in yet other reactors 

these components were predicted to be protected by 
displacement of the ECP to a value that is more 
negative than -230 mVSHE.  Where comparisons 
could be made [15], the predictions of the MPM 
concurred with ECP data measured in operating 
BWRs, thereby lending credence to the viability of 
ECP modeling via the MPM [16]. 

DAMAGE PREDICTOR, one of the codes 
referred to above, is a highly deterministic model 
for predicting stress corrosion cracking damage 
BWRs, in that the outputs of the component models 
are constrained by the known, appropriate 
physicochemical laws (i.e., conservation of mass 
and charge). [10-12].  DAMAGE-PREDICTOR 
was initially used to model two of BWRs (Duane 
Arnold and Dresden-2) that were included in the 
original study of Ruiz et al [2], but has since been 
employed to model fourteen operating BWRs 
worldwide.  The ECP predictions yielded by 
DAMAGE-PREDICTOR were, in general, similar 
to those obtained by Macdonald [3, 16] using the 
MPM and Ruiz et al's [2] calculated values for [H2], 
[O2], and [H2O2], but, more importantly, the 
predictions were in agreement with the data 
measured on an operating BWR (Liebstadt in 
Switzerland). 

Optimized, “second-generation” codes 
developed for BWRs, ALERT (external coolant 
pumps) and REMAIN (internal coolant pumps), 
predicted not only the ECP and crack growth rate 
for a “standard crack” (0.5-cm long loaded to a 
stress intensity of 27.5 MPa.√m), but also predict 
the accumulated damage due to SCC over a 
specified corrosion evolutionary path (operating 
history of the reactor).  ALERT and REMAIN have 
proven to be extraordinarily powerful codes for 
simulating BWR operation.  Even though these 
codes are now almost a decade old, no other codes 
have been developed to challenge their efficacy. 

A number of radiolysis codes have also been 
developed to calculate radiolytic species 
concentrations in PWR primary coolant circuits.  
These include codes by Christensen at Studsvik AB 
in Sweden [17], Dixon and coworkers [18], Burns 
and Moore [4], and Macdonald [1, 9].  All of the 
radiolysis codes confirm that hydrogen added at the 
25 cc(STP)/kg level “suppresses radiolysis”, in that 
the concentrations of the oxidizing radiolytic 
species (O2, H2O2, OH) are very low compared with 
those of various reducing species, such as H2 and 
H, although differences do exist between the codes 
with respect to the actual values of the 
concentrations.   
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The ECP modeling work of Macdonald and 
coworkers [1, 21, 22] shows that under normal 
PWR primary circuit conditions [25 cc(STP)/kg] 
and in the absence of oxygen in the primary 
feedwater, the ECP is controlled primarily by the 
hydrogen electrode reaction (HER) according to the 
following equation: 

 

TH pH
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where is the universal gas constant,  is the 
fugacity (partial pressure) of hydrogen, F is 
Faraday’s constant, and is the pH at the 
operating Kelvin temperature (T).  ECP values 
calculated from Equation (1), which assumes 
equilibrium, are of the order of -700 to -950 mV

R
2Hf

TpH

SHE, 
depending upon the concentrations of lithium and 
boron in the coolant (i.e., the pH), temperature, and 
hydrogen concentration.  This range of ECP is 
highly significant, due to the finding by 
Smialowska et al. [19] that Alloy 600 in the mill-
annealed condition suffers from hydrogen-induced 
cracking in alkaline solutions at potentials below 
(more negative than) -800 mVSHE.  Thus, on the 
basis of Smialowska’s work, as noted by 
Macdonald and coworkers [1], Alloy 600 exists in a 
state of spontaneous intergranular fracture.  
Smialowska et al. [19] also observed stress 
corrosion cracking at potentials greater than -650 
mVSHE in the same solution.  Thus, for Alloy 600, 
at least, there exists a window of 150 mV, over 
which the material is apparently immune to 
fracture.  Macdonald et al. [1] used their 
radiolysis/ECP code to explore how much the 
hydrogen concentration would have to be reduced 
in order that sufficiently high concentrations of 
oxidizing species would be produced by radiolysis 
to displace the ECP into the immune region.  The 
hydrogen concentration so determined was about 5 
cc(STP)/kg, assuming that no oxygen is added to 
the feedwater.  The results of this calculation are 
encouraging, because they suggest that ECP control 
may be a practical way of mitigating 
environmentally induced fracture in the primary 
coolant circuits of PWRs, in much the same way as 
is being achieved in BWRs. 

 
II. Theoretical Basis 
 

The main body of the codes referred to above is 
the water radiolysis model, which calculates the 

concentrations of radiolysis products from the 
decomposition of water due to neutron, gamma, and 
alpha radiation.  The water radiolysis model makes 
use of chemical reactions coupled to fluid 
convection, in order to calculate the concentrations 
of the species at points around the heat transport 
circuit.  After the species concentrations have been 
determined around the entire primary heat transport 
circuit, the ECP is then calculated using a mixed 
potential model (MPM [16]).  Incorporated into the 
MPM is the capability of exploring the impact of 
heterogeneous catalysis/inhibition of the redox 
reactions that occur on the metal surface and for 
incorporating various alloys as the requisite 
electrochemical kinetic data for these reactions 
(oxidation of hydrogen and the reduction of oxygen 
and hydrogen peroxide) and the alloy electro-
oxidation reaction becomes available.  As of now, a 
reasonably complete set of data currently exists 
only for Type 304 SS.  Auxiliary input parameters 
(such as flow velocity, coolant temperature, alpha, 
neutron, and gamma dose rates in the coolant) have 
been obtained from the International Atomic 
Energy Agency (IAEA) and from running other 
available software package (thermal hydraulic and 
dose rate) codes (TRACE).  The regions covered by 
the model for a PWR heat transport circuit 
correspond to a reactor with 4 loops (steam 
generators).  The pH and ECP were calculated 
around the primary coolant under normal full power 
operating conditions.  Only the results obtained for 
the top of the core and the bottom of the by-pass 
will be discussed. 
 
II.1. Water Radiolysis 

The radiolysis of water in PWR primary heat 
transport circuits has long been recognized as a 
potential source of corrosive, oxidizing species, 
such as O2, and, for this reason, hydrogen is added 
to suppress their radiolytic generation.  However, in 
order to calculate the ECP, it is important that the 
concentrations of all of the principal, electroactive 
radiolytic species be determined.  In order to 
calculate the species concentrations, the combined 
effects of the radiolytic yield of each species due to 
radiation and the changes in concentration due to 
chemical reactions and fluid convection must be 
carefully taken into account. 

 
II.2. Chemical Reactions 

The chemical reactions occurring in the 
primary heat transport circuits of PWRs essentially 
determine the species concentrations in each part of 
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the circuit, particularly in regions of low or zero 
dose rate (i.e. in out-of-core regions).  The general 
reaction set used in this study is given in Table 1, 
along with the rate constants and the activation 
energies.  Table 2 displays the choice of options 
while running the model: i) incorporate all 48 
reactions, ii) ignore reactions involving O= iii) 
ignore O= and O containing reactions iv) ignore O=, 
O-, O containing reactions, v) ignore Reactions 35 
to 48 (equivalent to the set of Burns and Moore 
[4]), and vi) ignore Reactions 35, 39 and 44 to 48. 

The rate of change for each species at a given 
location is given by reaction rate theory as 
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where ksm is the rate constant for the reaction 
between species s and m, ksi is the rate constant for 
the reaction between species s and i, and Ci, Cm, 
and Cs are the concentrations of species i, m, and s, 
respectively.  N is the number of reactions in the 
model (i.e., N = 48). 

The rate constant, kj (j denotes the reaction 
number in Table 1), is a function of coolant 
temperature.  Since the temperature throughout the 
heat transport circuit is not constant, the actual rate 
constant for each chemical reaction must be 
calculated for each specific position using 
Arrhenius' law:  
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where ko is the rate constant at temperature To, Ea is 
the activation energy (Table 1), R is the universal 
gas constant, and T is the temperature in Kelvin.  
The rate constant for hydrogen peroxide 
decomposition (Reaction No. 30) was calculated 
separately using an experimentally derived 
relationship [6]: 
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Notice that [H+] and [OH-] are calculated from 

the pH and the dissociation of water. 
 

Table 1.  Extended list of reactions considered in 
the water Radiolysis Model.  The rate constants 

were measured at 25°C.  The values for Reactions 1 
to 34 were taken from Reference [10] for BWRs.  
All but the italic numbers come from Burns and 
Moore [4].  Reactions 35 to 48 (in bold) come from 
other authors, and were suggested by Christiansen 
[17] and Pastina [24]. 
 
 Rate Activation Chemical 
 Constant Energy Reactions 
 (l/mol-sec) (kcal/mol) 
 
1 1.6D+1 3.0D0 e- + H2O = H + OH 
2 2.4D+10 3.0D0 e- + H+ = H 
3 2.4D+10 3.0D0 e- + OH = OH-

4 1.3D+10 3.0D0 e- + H2O2 = OH + OH-

5 1.0D+10 3.0D0 H + H = H2
6 2.0D+10 3.0D0 e- + HO2 = HO2

-

7 1.9D+10 3.0D0 e- + O2 = O2
-

8 5.0D+9 3.0D0 2e-+2H2O = 2OH- + H2
9 4.5D+9 3.0D0 OH + OH = H2O2
10 1.2D+10 3.0D0 OH + HO2 = H2O + O2
11 1.2D+10 3.0D0 OH + O2

- = OH- + O2
12 2.0D+7 3.0D0 OH- + H = e- + H2O 
13 4.5D+8 3.0D0 e- + H + H2O =OH-+H2
14 6.3D+7 3.0D0 e-+HO2+H2O=OH+2OH-

15 1.44D+11 3.0D0 H+ + OH- = H2O 
16 2.6D-5 3.0D0 H2O = H+ + OH-

17 2.0D+10 3.0D0 H + OH = H2O 
18 3.4D+7 4.6D0 OH + H2 = H + H2O 
19 2.70D+7 3.4D0 OH + H2O2 = H2O +HO2
20 4.4D+7 4.5D0 H + H2O2 = OH + H2O 
21 1.9D+10 3.0D0 H + O2 = HO2
22 8.0D+5 3.0D0 HO2 = O2

- + H+

23 5.0D+10 3.0D0 O2
- + H+ = HO2

24 2.7D+6 4.5D0 2HO2 = H2O2 + O2
25 1.7D+7 4.5D0 2O2

-2H2O=H2O2+O2+2OH-

26 2.0D+10 3.0D0 H + HO2 = H2O2
27 2.0D+10 3.0D0 H + O2

- = HO2
-

28 1.3D+8 4.5D0 e- + O2
-+H2O =HO2

-+OH-

29 1.8D+8 4.5D0 OH-+H2O2=HO2-+ H2O 
30 1.997D-6 14.8D0 2H2O2 = 2H2O + O2
31 1.04D-4 3.0D0 H + H2O = H2 + OH 
32 1.02D+4 3.0D0 H2O +HO2

- =H2O2+ OH-

33 1.5D+7 4.5D0 HO2 + O2
- = O2 + HO2

-

34 7.7D-4 7.3D0 H2O2 = 2OH 
35 7.88D+9 3.0D0 H + H2

- = O2
- + H2O 

36 1.28D+10 3.0D0 OH + OH- = O- + H2O 
37 6.14D+6 3.0D0 O- + H2O = OH + OH-

38 3.97D+9 3.0D0 e- + HO2
- = O- + OH-

39 6.42D+14 3.0D0 O2
- +O2

-+H+=HO2
- + O2

40 2.72D-3 15.0D0 H2O2 = H2O + O 
41 2.84D+10 3.0D0 O + O = O2
42 1.1D+6 3.0D0 O2

=+H2O = HO2
- + OH-
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43 1.3D+10 3.0D0 e- + O2
- = O2

=

44 0.5D0 3.0D0 H2O2+HO2=H2O+O2+OH 
45 0.13D0 3.0D0 O2

- + H2O2=OH+OH-+ O2
46 2.56D-8 3.0D0 H2O2 = H+ + HO2

-

47 1.39D+10 3.2D0 e- + HO2 = H2O2 + OH- 
48 1.39D+10 3.2D0 e- + O2- = HO2- + OH- 
 
Table 2.  G Values for primary radiolytic species, 
designated in this paper as “High Yield” -- H. 
Christensen. Nuclear Tech. 109, 373, (1995). 
 
 Radiolytic Yields due to: 
No. Gamma Neutron Alpha Species 
1 4.15D0 0.93D0 0.04D0 e- 
2 1.08D0 0.50D0 0.16D0 H 
3 3.97D0 1.09D0 0.10D0 OH 
4 1.25D0 0.99D0 1.3D0 H2O2
5 0.00D0 0.04D0 0.30D0 HO2
6 0.00D0 0.00D0 0.00D0 HO2

- 

7 0.00D0 0.00D0 0.00D0 O2
8 0.00D0 0.00D0 0.00D0 O2

- 

9 0.00D0 0.00D0 0.00D0 O2
=

10 0.00D0 0.00D0 0.00D0 O- 
11 0.00D0 0.00D0 0.00D0 O 
12 0.62D0 0.88D0 1.70D0 H2
13 0.00D0 0.00D0 0.00D0 OH- 

14 4.15D0 0.95D0 0.04D0 H+ 

 
II. 3. Radiolytic Yield 

The rate at which any primary radiolytic 
species is produced is given by 
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where Ri

y  has units of mol/cm3.s, Gn, Gg, and Gα 
are the radiolytic yields for neutrons, gamma 
photons, and alpha particles, respectively, in 
number of particles per 100 eV of energy absorbed, 
Nv is Avogadro's number,  equals 6.25x10˜ F 13 (the 
conversion factor from Rad/sec to eV/gram-sec), 
and ρ is the water density in g/cm3.  Γγ, Γn, and Γα 
are the gamma photon, neutron, and alpha particle 
energy dose rates, respectively, in units of Rad/s.  
In a PWR, unlike a BWR, alpha particles are 
produced by the 10BB5( n1

0, He4
2) Li7

3 reaction and may 
contribute as much as 10 % of the total dose rate. 

The parameter values are given in Tables 1 and 2 
including the radiolytic yields (G-values) for 
neutron, gamma, and alpha radiation.  Each table 

gives a radiolytic yield suggested by a different 
author. 

 
Table 3.  Different reactions sets employed in this 
study. 
_____________________________________ 
1: Full 48 reaction set.  
2: No O2

= species.  
3: No O2

= or O species. 
4: No O=, O, O- species. 
5: Full 34 BWR reaction set (Reactions 1 – 34). 
6: Reactions 35, 29, and 44 – 48 omitted. 
_____________________________________ 

 
II.4. Overall Equations 

By adopting the rates of change of species 
concentrations from the various sources discussed 
above, we write the total “chemical” rate as 

 

⎥⎦
⎤

⎢⎣
⎡
∑ ∑ ∑−+⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛ Γ
+

Γ
+

Γ
=

= = =

N

s

N

m

N

s
ssiimssm

V

i

V

nn
i

V

i
i CkCCCkF

N
G

N
G

N
G

R
1 1 1

~
100100100

ρ
ααγγ  

   (6) 
 

The approach used in this work to solve the set 
of coupled ordinary differential equations (ODEs) 
makes use of a publicly available subroutine 
(DVODE), which was developed by Hindmarsh at 
the Lawrence Livermore National Laboratory in 
California.  This algorithm is designed to solve first 
order, stiff ODE equation sets.  Our system of 
equations is indeed coupled throughout via the 
concentrations of all the species considered (up to 
14, depending of the case considered).   

The flux of each dissolved species is given by 
 

vCCDFcUZN iiiiiii +∇−∇−= φ  (7) 
 
i.e., flux = migration + diffusion + convection 

Because of efficient mixing and in the absence 
of an electric field, we may ignore diffusion and 
migration, respectively, and hence the material 
balance can be written as 
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(accumulation = net input + production) where Ri is 
the rate of production of the species in the fluid due 
to homogeneous reactions.  Accordingly, 
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where ν  is the velocity vector and ν  the velocity 
for each considered section.  Note that velocity is 
considered in one dimension and constant in each 
section 

 
III. Mixed Potential Model 
 

After the concentration of each radiolysis 
species is calculated, the corrosion potential of the 
component can be calculated using the mixed 
potential model (MPM) [16].  The MPM is based 
on the physical condition that charge conservation 
must be obeyed in the system.  Because 
electrochemical reactions transfer charge across a 
metal/solution interface at rates measured by the 
partial currents, the following equation expresses 
the charge conservation constraint 
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where iR/O,j is the partial current density due to the j-
th redox couple in the system and icorr is the metal 
oxidation (corrosion) current density.  These partial 
currents depend on the potential drop across the 
metal/solution interface.  

In the current version of the MPM, which was 
developed for modeling the ECP of Type 304 SS in 
BWR primary circuits, the steel oxidation current 
density, icorr, was modeled as an empirical function 
of voltage, 
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and 
 

TxEo
3105286.1122.0 −−=  (13) 

 

In these expressions, bf and br are the forward 
and reverse Tafel constants, respectively, for the 
metal dissolution reaction, with values of 0.06 V 
being assumed for both.  In actual fact, they are 
empirical constants that were assumed a priori in 
fitting Equation (11) to the current/voltage data.  It 
is important to note that Equation (11) applies 
strictly to Type 304 SS in near neutral solutions 
[16] and, hence, that this expression may not be a 
good empirical model for stainless steels in PWR 
primary circuits.  More recently, the authors have 
developed the Point Defect Model [21] for the 
oxidation of a passive metal.  This model yields the 
passive current density in the form 

 
cbEaicorr +∗= )exp(  (14) 

 
where the parameters a, b, and c are given in terms 
of fundamental parameters, as given in the original 
publication [16].  The first term on the right side of 
Equation (14) arises from the transmission of 
cations (via cation vacancies) across the passive 
film from the metal/film interface to the 
film/solution interface, while the second term 
reflects the transmission of oxygen ions (via 
oxygen vacancies) and/or cation interstitials in the 
reverse direction.  We had hoped to fit Equation 
(14) to available experimental data from the 
literature for the alloys of interest (carbon steel, 
Alloy 600, and stainless steels, data for which are 
now being assessed) under the conditions that most 
closely approximate those that are present in the 
primary coolant circuits of PWRs.  However, the 
required steady state current/voltage data is 
unavailable and this approach, which is more 
soundly based on the theory of passivity, had to be 
abandoned.  It is our recommendation, however, 
that an experimental program be initiated to obtain 
the necessary data.  

Because electrochemical kinetic data is 
available only for the hydrogen electrode reaction 
(HER, H2/H+), the oxygen electrode reaction (OER, 
O2/H2O), and the hydrogen peroxide electrode 
reaction (HPER, H2O2/H2O), only H2, O2, and H2O2 
can be considered as the redox species in the MPM.  
Accordingly, the ECP, which reflects a balance 
between the partial currents for the anodic reactions 
(substrate oxidation and hydrogen oxidation) and 
the cathodic reactions (reduction of oxygen and 
hydrogen peroxide) that occur on the substrate 
surface, should be similar.  No electrochemical data 
is available for Zircaloy, so that the ECP of this 
substrate could not be modeled.  However, the code 
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has been written so that appropriate values are 
readily inserted when they become available. 

The current density (iR/O) for a redox couple 
(e.g. O2/H2O, H+/H2, H2O2/H2O) 
 
R O n⇔ + e  (15) 
  
(where R is the reduced species and O is the 
oxidized species) can be expressed in terms of a 
generalized Butler-Volmer equation as 
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where i0,R/O is the exchange current density, il,f and 
il,r are the mass-transfer limited currents for the 
forward and reverse directions of the redox 
reaction, respectively, and ba and bc are the anodic 
and cathodic Tafel constants.   is the 
equilibrium potential for this reaction as computed 
from the Nernst equation: 
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where aR and aO are the thermodynamic activities 
of R and O, respectively, and  is the standard 
potential.  Limiting currents are calculated using 
the equation: 

0
/ ROE

 

d

ScnFDC
i

b

R
O

R
Ol

33.086.0

,

Re0165.0±
=  (18) 

 
where the sign depends on whether the reaction is 
in the forward (+) or reverse (-) direction, F is 
Faraday's constant, D is the diffusivity of the redox 
species,  is the bulk concentration of O or R, 
as appropriate, Re is the Reynolds number 
(Re=Vd/η), Sc is the Schmidt number (Sc=η/D), d 
is the channel hydrodynamic diameter, V is the flow 
velocity, and η is the kinematic viscosity. 

b
ROC /

 
IV. Overall Parameters used in the calculation 

 
The dose rate (Rad/sec) in the core for full 

power operation, used in the calculations, has a 
maximum value of 0.811x105, 0.5817x106, 
0.344x105 R/s for gamma, neutrons, and alpha, 
respectively. 

The following parameters were adopted in 
these calculations: [O2] = 0.005 mg/kg, [B] = 840 
mg/kg, [Li] = 1.9 mg/kg, [H2] = 36 cc(STP)/kg, 
293°C < T < 345°C, and 175°C < TRHRS < 293°C.  
Hydrodynamic diameters and flow velocities 
depend on the section considered and were obtained 
from TRAC. 
 
V. Results and Conclusions 
 

A highly confusing situation exists in the 
literature with respect to the various radiolysis 
models and the parameter values (rate constants and 
activation energies contained therein).  This 
situation has arisen, because there are relatively few 
directly measured parameters that are relevant to 
reactor modeling available in the open literature.  
On one hand, the measurements are difficult to 
make and, on the other, several authors compile 
reaction sets without regard to mass or charge 
balance.  Still other authors add reactions in an ad 
hoc manner, not recognizing that the parameter 
values are model specific and cannot simply be 
transferred from one model to another.   

We considered one of the most complete sets 
currently available, that of Burns and Moore, which 
contains 33 reactions and to which Macdonald et al 
[10-12, 14] added the hydrogen peroxide 
decomposition reaction, when they calculated the 
electrochemical corrosion potential (ECP) in 
BWRs.  We used that set as a prototype (Set. No. 5, 
Table 3).  We also collected a larger set containing 
the first 34 reactions in Table 1 plus 14 more 
reactions, to yield a model of 48 reactions.  The rate 
constant for those additional reactions were 
measured /calculated/ suggested mostly by 
Christiansen [17].  This was considered as a second 
“prototype” set and was designated as Set No. 1.  
We then possessed 6 sets formed basically by the 
reaction sets suggested by Christiansen [17], 
Pastina [18] and Burn and Moore [4] as indicated in 
Tables 1 and 2. 

The purpose of producing the various reaction 
sets summarized in Table 3 was to explore the 
sensitivity of the calculated ECP on reaction set.  
Two locations in the coolant circuit were chosen for 
the comparison; bottom of the by-pass in the core at 
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a temperature of 285°C, and upper part of the core 
at a temperature of 328°C.  The water chemistry 
condition was that of normal reactor operation at 
several levels of hydrogen and as a function of the 
concentration of oxygen in the make-up water. 

The results are shown in Figures 1 to 7.  Figure 
1 shows the ECP calculated in the upper part of the 
core (T = 328°C) for the different reaction sets, 
when 5 ppb of oxygen is present in the make-up 
water (not de-oxygenated) and the coolant contains 
25 cc(STP)/kg of H2.   

Figures 2 to 4 show the results when different 
reaction sets are used in calculating the ECP in the 
upper part of the core (T = 328°C) for zero oxygen 
in the make-up water and for [H2] = 15, 25 and 50 
cc(STP)/kg in the coolant.  Figures 5 to 7 show the 
calculation at the bottom part of the by pass (T = 
295°C) for [H2] = 15 and 25 cc(STP)/kg and for 0 
ppb of O2; and [H2] = 25 cc(STP)/kg and 5 ppm of 
oxygen in the make-up water. 

It is important to note that, just by choosing 
different reaction sets, the calculated ECP is 
observed to vary widely, by as much as a 600 mV.  
Experimental findings indicate that, at high 
hydrogen and low oxygen or zero oxygen, the 
calculated ECP should be close to the equilibrium 
potential of the hydrogen electrode reaction, which 
at high temperatures (~300°C) has a value of 
around -0.75 VSHE [1].  It is also logical to expect 
that increasing the oxygen concentration, 
decreasing the hydrogen concentration, and 
decreasing the temperature will shift the ECP to 
more positive (higher) values. 

 
Comparison of ECP with Different Options
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Figure 1.  Calculated ECP for different sets of rate 
constants (Table 3).  Set No. 5 was used for BWR 
ECP calculations [10, 37].  The ECP was calculated 
at the upper part of the core. T: 328°C using the 
“high” radiolytic yields.  [H2] = 25 cc(STP)/kg.  
[O2] = 5 ppb. 
 

Variation of ECP with different options
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Figure 2.  Calculated ECP for different sets of rate 
constants (Table 3).  Set No. 5 was used for BWR 
ECP calculations [10].  The ECP is calculated at the 
upper part of the core T = 328°C using the “high” 
radiolytic yields.  [H2] = 15 cc(STP)/kg, [O2] = 0 
ppb. 

 
It is observed that Set No. 1 yields results that 

comply with all the experimental observations and 
expectations.  Set No. 1 yields the same ECP as 
does Set No. 5, if the hydrogen content is 25 cc/kg 
or greater (see Figure 2 and 5).  The values 
calculated with Set No. 1 at lower hydrogen content 
(15 cc/kg) are about 300 mV more positive than 
those calculated with Set. No. 5. 

In Figure 1, we note that the ECP calculated 
from Set No. 1 reacts less dramatically to the 
presence of small amounts of oxygen (5 ppb) than 
does that calculated from Set No. 5, and the 
calculated ECP from both Sets No. 1 and Sets No. 5 
reacts strongly (shift to more positive values) in the 
presence of a high oxygen content (see Figure 7). 

Set No. 4 practically behaves as Set No. 5 
while Set No. 6 emulates the behavior predicted 
from Set No. 1.  Sets 2 and 3 have a more “erratic” 
behavior, when compared to experimental 
observations as defined above.  We then decided to 
further study the ECP response of Sets No. 1 (48 
reactions) and No. 5 (34 reactions). 

 

Variation of ECP with different options
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Figure 3.  ECP calculated value with different sets 
of rate constants (Table 3).  Set No. 5 was used for 
BWR ECP calculations [10, 37].  The ECP is 
calculated in the upper part of the core, T=328°C, 
using the “high” radiolytic yields.  [H2] = 25 
cc(STP)/kg, [O2] = 0 ppb. 
 

We further explored the sensitivity of the ECP to 
several water chemistry conditions in a PWR 
primary loop by using the sets of 34 and 48 
reactions, as shown in Table 4 column 15 and 16, in 
the prediction of specie concentrations.  The 
changes of the electrochemical corrosion potential 
(ECP) as a function of hydrogen content are shown 
in Figure 8 using 48 reactions and using water 
containing 5 ppm of oxygen, Figure 9 with de-
oxygenated water, Figure 10 with 34 reactions 
instead of 48 reactions and in de-oxygenated water 
conditions, and Figure 11 using 48 reactions and 
make up water containing 5 ppb O2.  The 
dependence of calculated ECP on [H2] is in concert 
with the experimental observations [1].  Figures 8 
to 11 display calculated ECP data for the two in-
vessel positions (top of the core at 328 oC and 
bottom of the by-pass at 295 oC).  As expected, the 
ECP at lower temperatures is shifted to more 
positive values. 
 

Variation of ECP with different options
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Figure 4.  Calculated ECP for different sets of rate 
constants (Table 3).  Set No. 5 was used for BWR 
ECP predictions [10, 37].  The ECP is calculated at 
the bottom part of the by-pass T= 295°C using the 
“high” radiolytic yields.  [H2] = 50 cc(STP)/kg, 
[O2] = 0 ppb. 

 

Variation of ECP with different options
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Figure 5.  Calculated ECP for different sets of rate 
constants (Table 3).  Set No. 5 was used for BWR 
ECP prediction [10, 37].  The ECP is calculated in 
the bottom part of the by-pass T = 295°C using the 
“high” radiolytic yields.  [H2] = 15 cc/kg, [O2] = 0 
ppb. 
 

Figure 12 shows the results obtained by using the 
14 sets of models/data, as compiled by 14 different 
authors (Table 33).  The calculations were made for 
a water chemistry containing 25 cc(STP)/kg of H2 
and 5 ppm of O2 in the feedwater, and at the bottom 
part of the by-pass at a temperature of 295°C.  The 
ECP calculated using Sets No. 3, 5, 8, and 10 to 14 
are very similar (if not identical) to that calculated 
when using Sets No. 1 and Set No. 5 (see Figure 7).  
This indicates that, even when there are differences 
between the reaction sets, the common reactions 
(with common rate constants) that dictate the 
concentrations of the most prevalent oxidizing and 
reducing species (H2, O2, and H2O2) are most 
important. 

 
Variation of ECP with different options
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Figure 6.  Calculated ECP for different sets of rate 
constants (Table 3).  Set No. 5 was used for BWR 
ECP predictions [10, 37].  The ECP is calculated in 
the bottom part of the by-pass T = 295°C using the 
“high” radiolytic yields.  [H2] = 25 cc/kg, [O2] = 0 
ppb. 
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Comparison of ECP with Different options
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Figure 7.  Calculated ECP for different sets of rate 
constants, Sets 1 to 5 (Table 3).  Set No. 5 was used 
for BWR ECP prediction [10].  The ECP is 
calculated at the bottom part of the by-pass T= 
295°C using the “high” radiolytic yields.  [H2] = 25 
cc/kg, [O2] = 5 ppm. 
 

Set of 48 Reactions, High Radiation Yields, and 5ppm O2
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Figure 8.  ECP versus hydrogen concentration; in a 
PWR primary coolant circuit.  Set of 48 reactions 
(Set. No. 16, Table 3) with [O2] = 5 ppm.  The 
diamonds indicate the upper part of the reactor core 
(T=328°C), and the squares indicate the bottom part 
of the by-pass in the core (T=295°C). 

Set of 48 Reactions, 0 ppb of O2
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Figure 9.  ECP versus hydrogen concentration; in a 
PWR primary coolant circuit.  Set of 48 reactions 

(Set. No. 16, Table 4) with [O2] = 0 ppm.  The 
diamonds indicate the upper part of the reactor core 
(T=328°C), and the squares indicate the bottom part 
of the by-pass in the core (T=295°C). 

Set of 36 reactions, 0 ppb O2
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Figure 10.  Electrochemical Potential versus 
hydrogen concentration; in the primary PWR loop.  
Set of 34 reactions (Set. No. 15, Table 4) and feed 
water de-oxygenated; the oxygen concentration is 0 
ppm.  The squares indicate the upper part of the 
reactor core (T=328°C), and the diamonds indicate 
the bottom part of the by-pass in the core 
(T=295°C). 
 

Set of 48 reactions, 5 ppb of O2
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Figure 11.  Electrochemical Potential versus 
hydrogen concentration; in the primary PWR loop.  
Set of 48 reactions (Set. No. 15, Table 4) and feed 
water little not de-oxygenated; the oxygen 
concentration is 5 ppb.  The diamonds indicate the 
upper part of the reactor (T=328°C), and the 
squares indicate the bottom part of the by-pass in 
the core (T=295°C). 
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ECP Bottom Part of the By Pass Core; 25 cc/K of H2, 5 ppm of O2, T=295C 
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Figure 12.  ECP versus different reaction sets as 
indicated from 1 to 14 in Table 4.  The order in 
which the authors’ sets were chosen is completely 
unrelated and the line in between points is only 
traced to facilitate inspection of the changes in the 
ECP.  The ECP is calculated in a PWR primary 
loop.  Sets of 48 reactions were used in the 
calculations.  The calculated ECP is for the bottom 
part of the by-pass in the core (T = 295°C); for a 
water chemistry containing 25 cc/kg of H2 and 
oxygen contaminated make-up water ([O2] = 5 
ppm). 

At this point, it is important to enquire how 
“accurate” the radiolysis model needs to be.  
Bearing in mind that our objective is to calculate 
the ECP, and that the contribution that any given 
species makes to determining the corrosion 
potential is roughly proportional to its 
concentration, then only the electroactive species 
present at the highest concentrations will have a 
significant impact on the ECP.  These species 
include (as determined from previous modeling of 
PWR primary circuits [10]) H2 (added to the 
coolant), possibly O2 (feedwater component), H2O2, 
H, e-(aq), and OH, with the latter two being of 
doubtful significance.  If oxygen is not a 
component of the feedwater, its predicted 
concentration is very small (≈ 10-12 M compared 
with 10-3 M for hydrogen).  Thus, the important 
question is whether O2 can survive the passage 
through the core at a concentration that is not 
significantly reduced from the feedwater value.  
The essential requirement is, therefore, that the 
model accurately predicts the concentrations of the 
most abundant species, not that it predicts the 
concentrations of all species accurately.  However, 
given an accurate model, we are aware that the 
accuracy of the results will strongly depend on the 
accuracy of the inputs and parameters used in the 

model.  We explored the importance of having an 
accurate set of reactions and the corresponding rate 
constants and activation energy and obtaining 
accurate values for the radiolytic yields of the 
species considered (G-values).  We have shown 
how the calculated ECP depends on using a 
“correct” reaction set; and we stress the importance 
of continuing studies aimed at developing more 
viable water radiolysis models. 
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Rate 
Constant 
(L mol-1 S-

1) at 25 C 

Rate 
Constant 
(L mol-1 S-

1) 25 C 

Rate 
Constant 
(L mol-1 S-

1) 20 c 

Rate 
Constant 
(25'C) L 
mol-1 S-1

Rate 
Constant 
(291'C) L 
mol-1 S-1

Rate 
Constant 
(25 'C) L 
mol-1 S-1

Rate 
Constant 
(25 "C) L 
mol-1 S-1

                  

1   e-   +  H2O  = H    +  OH- 1.6E+1 1.60E+01 1.60E+01 1.90E+01 7.20E+02 1.00E+03 1.6E+1 

2   e-   +  H+   = H 2.4E+10 2.40E+10 2.4E+10 2.30E+10 2.60E+11 2.30E+10 2.4E+10 

3   e-   +  OH   = OH- 3.00E+10 3.00E+10 3.00E+10 3.10E+10 3.50E+11 3.00E+10 3.0E+10 

4   e-   +  H2O2 = OH   +  OH- 1.20E+10 1.30E+10 1.20E+10 1.10E+10 2.30E+11 1.30E+10 1.3E+10 

5  H    +  H    = H2 2.00E+10 1.00E+10 8.00E+09 7.80E+09 1.30E+11 5.00E+09 1.0E+10 

6 e-   +  HO2  = HO2- 2.0E+10 2.00E+10 2.0E+10 2.00E+10 2.90E+11 2.0E+10 2.0E+10 

7 e-   +  O2   = O2- 2.00E+10 1.90E+10 1.9E+10 1.90E+10 2.20E+11 1.90E+10 1.9E+10 

8 2e-  +  2H2O = 2OH-  +  H2 6.00E+09 1.64E+06 1.64E+6 5.50E+09 5.00E+09 5.50E+09 1.64E+6 

9 OH   +  OH   = H2O2 6.00E+09 4.50E+09 4.00E+09 5.50E+09 2.80E+10 5.50E+09 4.5E+9 

10 OH   +  HO2  = H2O  +  O2 1.2E+10 1.20E+10 1.2E+10 7.10E+09 7.60E+10 1.10E+10 1.2E+10 

11  OH   +  O2-  = OH-  +  O2 1.2E+10 1.20E+10 1.2E+10 1.00E+10 3.11E+11 1.10E+10 1.2E+10 

12 OH-  +  H    = e-   +  H2O 2.0E+7 2.00E+07 1.80E+07 2.20E+07 2.60E+08 2.20E+07 2.0E+7 

13 e- + H + H2O = OH-  +  H2 2.50E+10 4.50E+08 4.5E+8 2.50E+10 4.30E+11 3.40E+10 4.5E+8 

14 e- + HO2- + H2O = OH + 2OH- 6.3E+7 6.30E+07 6.3E+7 6.3E+7 6.3E+7 6.3E+7 6.3E+7 

15 H+   +  OH-  = H2O 2.00E+10 1.44E+11 1.44E+11 1.43E+11 1.74E+12 3.00E+10 1.44E+11 

16 H2O          = H+   +  OH- 2.6E-5 2.6E-5 2.6E-5 2.60E-05 1.01E+01 2.6E-5 2.6E-5 

17 H    +  OH   = H2O 2.0E+10 2.00E+10 3.00E+10 7.00E+09 2.30E+11 7.00E+09 2.0E+10 

18 OH   +  H2   = H    +  H2O 4.50E+07 4.50E+07 4.5E+10 3.40E+07 1.50E+09 3.90E+07 4.00E+07 

19 OH   +  H2O2 = H2O  +  HO2 4.50E+07 4.50E+07 4.50E+10 2.70E+07 4.30E+08 2.70E+07 2.25E+07 

20 H    +  H2O2 = OH   +  H2O 9.0E+7 9.00E+07 9.0E+7 9.00E+07 3.50E+09 5.00E+07 9.00E+07 

21 H    +  O2   = HO2 1.9E+10 1.90E+10 1.9E+10 2.10E+10 2.50E+11 2.10E+10 1.9E+10 

22 HO2          = O2-  +  H+ 8.0E+5 8.00E+05 8.0E+5 8.00E+05 1.90E+05 8.0E+5 8.0E+5 

23 O2-  +  H+   = HO2   5.0E+10 5.0E+10 5.0E+10 5.00E+10 6.00E+11 5.00E+10 5.0E+10 

24 2HO2         = H2O2 +  O2 2.7E+6 2.70E+06 2.7E+6 8.40E+05 4.50E+07 9.80E+05 2.7E+6 

25 2O2- +2H2O = H2O2+O2 + 2OH- 5.6E+3 5.60E+03 5.6E+3 5.6E+3 5.6E+3 5.6E+3 5.6E+3 

26 H    +  HO2  = H2O2 2.0E+10 2.00E+10 2.0E+10 2.00E+10 2.30E+11 2.00E+10 2.0E+10 
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27 H    +  O2-  =  HO2- 2.0E+10 2.00E+10 2.0E+10 2.00E+10 2.30E+11 2.0E+10 2.0E+10 

28 e- + O2- + H2O =  HO2- +  OH- 3.3E+6 3.30E+06 3.3E+6 1.30E+10 1.40E+11 3.3E+6 3.3E+6 

29 OH-  +  H2O2 = HO2- +  H2O 1.0E+8 1.00E+08 1.0E+8 1.0E+8 6.10E+09 1.0E+8 1.0E+8 

30 2H2O2        = 2H2O  +  O2 1.9973E-6 1.9973E-6 1.9973E-6 1.9973E-6 4.20E+02 1.9973E-6 1.9973E-6 

31 H    +  H2O  = H2   +  OH 1.04E-4 1.04E-4 1.04E-4 1.04E-4 1.04E-4 1.04E-4 1.04E-4 

32 H2O  +  HO2- = H2O2 +  OH- 1.02E+4 1.02E+4 1.02E+4 1.02E+4 9.90E+05 1.02E+4 1.02E+4 

33 HO2  +  O2-  = O2   +  HO2- 1.5E+7 1.50E+07 1.5E+7 9.60E+07 4.20E+08 9.70E+07 1.5E+7 

34 H2O2         = 2OH   7.7E-4 7.7E-4 7.7E-4 7.7E-4 7.7E-4 7.7E-4 7.7E-4 

35 OH    + HO2-   = O2- + H2O   7.5E+9 7.5E+9 7.5E+9 7.50E+09 8.60E+10 7.5E+9 7.5E+9 

36 OH + OH- = O- + H2O 1.2E+10        1.2E+10        1.2E+10        1.20E+10 1.40E+11 1.2E+10        1.2E+10        

37 O-   + H2O   = OH + OH- 1.7E+6         1.7E+6         1.7E+6         1.70E+06 6.70E+07 1.7E+6         1.7E+6         

38   e-   + HO2-  = O- + OH- 3.5E+9         3.5E+9         3.5E+9         3.50E+09 4.00E+10 3.5E+9         3.5E+9         

39 O2-  + O2- + H+  =  HO2- + O2   6.42E+14 6.42E+14 6.42E+14 6.42E+14 7.00E+15 6.42E+14 6.42E+14 

40 H2O2       = H2O + O 2.72E-3        2.72E-3        2.72E-3        2.72E-3        2.72E-3        2.72E-3        2.72E-3        

41 O    +  O    = O2    2.84E+10 2.84E+10 2.84E+10 2.84E+10 3.10E+11 2.84E+10 2.84E+10 

42 O2 - -   +   H2O   =  HO2-  +  OH- 1.1E+6 1.1E+6 1.1E+6 1.1E+6 1.20E+07 1.1E+6 1.1E+6 

43           e-   +   O2- = O2- 1.3E+10 1.3E+10 1.3E+10 1.3E+10 1.3E+10 1.30E+10 1.3E+10 

44 H2O2 + HO2   = H2O + O2 + OH 0.5E0 0.5E0 0.5E0 0.5E0 0.5E0 5.00E-01 0.5E0 

45 O2-  + H2O2  = OH + OH- + O2 0.13E0 0.13E0 0.13E0 0.13E0 0.13E0 1.30E-01 0.13E0 

46 H2O2         = H+  +  HO2- 2.56E-8 2.56E-8 2.56E-8 2.56E-8 2.56E-8 2.56E-8 2.56E-8 

47 e-  + HO2 + H2O  =  H2O2 + OH- 1.39E+10 1.39E+10 1.39E+10 1.39E+10 1.39E+10 1.39E+10 1.39E+10 

48 e-  + O2-  +  H2O  =  HO2- + OH- 1.39E+10 1.39E+10 1.39E+10 1.39E+10 1.39E+10 1.39E+10 1.39E+10 
 
Table 5.  Reaction considered and their Rate constant measured/calculated by different authors.  Notice that 
in order to use the rate constant measured/calculated by the different authors to calculate the ECP, it is 
necessary to have a value for all the rate constants of each one of the reactions considered.  Accordingly, in 
order to “test” the results of the set of rate constants given by the different authors, for each sparse column 
we need to “borrow” some rate constants measured/calculated by other authors.  The values used “to filled 
up on the blanks” when in a column values were missing data, are marked in red bold letters.  For each 
author the values reported from measurements/calculations are reported on the right side of the column; the 
values of the rate constant “borough” from other authors (as marked in red bold) are on the left side of the 
column.  All rate constant but those in column marked No. 5 are at 25 C; other as indicated. 
 

 
Author Identification 
Number 8 9 10 11 12 13 14 

  

T. 
Lundstrom, 
H. 
Christensen, 
and K. 
Sehested 

M. B. 
Carver, D. 
V.  Hanley, 
K. R.  
Chaplin 

Allen John 
Elliot 

A. J. Elliot,  
D. R.  
McCracke
n, G. V. 
Buxton 
and N. D. 
Wood 

B. G.  
Ershov, A. 
V. 
Gordeev, 
M Kelm, 
E. Janata 

T. 
Lundstro
m, H. 
Christens
en, K. 
Sehested 

A. J. Elliot,  
D. R. 
McCracke
n, G. V. 
Buxton 
and N. D. 
Wood 

  

Radiation 
Physics and 
Chemistry 61 
(2001), 
pp.109-113 

Atomic 
Energy of 
Canada Ltd, 
Report 
AECL-6413 
(1979) 

Radiation 
Phys. 
Chem. Vol. 
34 No.5 pp. 
753-758, 
(1989) 

J. Chem 
Society 
Faraday 
Transactio
n, 86, pp. 
1539-1547, 
(1990) 

Radiation 
Physics 
and 
Chemistry 
67  (2003) 
pp. 613-
616 

Radiation 
Physics 
and 
Chemistr
y 64 
(2002), 
pp. 23-33 

J. 
Chem.Soci
ety 
Faraday 
Transactio
n, 86, pp. 
1539-1547, 
1990 

  [31] [32] [33] [34] [35] [36] [34] 
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 Reactions 

Rate 
Constant (L 
mol-1 S-1) at 
25'C 

Rate 
Constant at 
25'C in L  
mol-1 S-1

Rate 
Constant 
at 25'C in 
L  mol-1 S-1

Rate 
Constant 
at 25'C in 
L mol-1 S-1

Rate 
Constant 
at 25'C in 
Lmol-1 S-1

Rate 
Constant 
(L mol-1 
S-1) at 
25'C 

Rate 
Constant 
at 25'C in 
L  mol-1 S-1

                  

1 e-   +  H2O  = H    +  OH- 1.83E+01 2.00E+10 1.6E+1 1.6E+1 1.6E+1 1.6E+1 1.6E+1 

2 e-   +  H+   = H 2.22E+10 2.20E+10 2.4E+10 2.4E+10 2.4E+10 2.4E+10 2.30E+10 

3 e-   +  OH   = OH- 2.98E+10 3.0E+10 3.0E+10 3.0E+10 3.0E+10 3.0E+10 3.0E+10 

4 e-  +  H2O2 = OH   +  OH- 1.15E+10 1.60E+10 1.3E+10 1.3E+10 1.3E+10 1.3E+10 1.20E+10 

5 H    +  H    = H2 5.28E+09 1.00E+10 1.0E+10 1.0E+10 1.0E+10 1.0E+10 1.0E+10 

6 e-   +  HO2  = HO2- 1.92E+10 2.0E+10 2.0E+10 2.0E+10 2.0E+10 2.0E+10 2.0E+10 

7 e-   +  O2   = O2- 1.83E+10 2.00E+10 1.90E+10 1.9E+11 1.90E+10 1.9E+12 1.80E+10 

8 2e-   2H2O = 2OH-  +  H2 1.64E+6 5.00E+09 1.64E+6 1.64E+6 1.64E+6 1.64E+6 1.64E+6 

9 OH   +  OH   = H2O2 5.38E+09 4.00E+09 3.60E+09 1.00E+10 4.5E+9 4.5E+9 4.5E+9 

10 OH  +  HO2  = H2O  +  O2 6.83E+09 1.20E+10 1.2E+10 1.2E+10 1.2E+10 1.2E+10 1.2E+10 

11 OH   +  O2-  = OH-  +  O2 9.50E+09 1.00E+10 1.2E+10 1.2E+10 1.2E+10 1.2E+10 1.2E+10 

12 OH-  +  H    = e-   +  H2O 1.98E+07 2.00E+07 2.0E+7 2.0E+7 2.0E+7 2.0E+7 2.0E+7 

13 e- + H + H2O = OH-  +  H2 4.5E+8 2.00E+10 4.5E+8 4.5E+8 4.5E+8 4.5E+8 4.5E+8 

14 e-+HO2- +H2O=OH+2OH- 6.3E+7 6.3E+7 6.3E+7 6.3E+7 6.3E+7 6.3E+7 6.3E+7 

15 H+   +  OH-  = H2O 1.38E+01 1.43E+11 1.44E+11 1.44E+11 1.44E+11 1.44E+11 1.44E+11 

16 H2O          = H+   +  OH- 1.47E-01 2.60E-05 2.6E-5 2.6E-5 2.6E-5 2.6E-5 2.6E-5 

17 H    +  OH   = H2O 6.84E+09 2.50E+10 2.0E+10 2.0E+10 2.0E+10 9.00E+09 2.0E+10 

18 OH   +  H2   = H    +  H2O 3.22E+07 3.60E+07 4.5E+10 4.5E+10 4.5E+10 4.5E+10 4.5E+10 

19 OH   + H2O2 = H2O +  HO2 2.60E+07 2.25E+07 4.50E+10 4.50E+10 4.50E+10 4.50E+10 4.50E+10 

20 H   + H2O2 = OH   +  H2O 5.10E+07 6.00E+07 5.00E+07 9.0E+7 3.50E+07 9.0E+7 9.0E+7 

21 H    +  O2   = HO2 2.04E+10 1.9E+10 1.35E+10 3.20E+10 1.9E+10 1.9E+10 1.30E+10 

22 HO2          = O2-  +  H+ 3.80E+05 8.00E+05 8.0E+5 8.0E+5 8.0E+5 8.0E+5 8.0E+5 

23 O2-  +  H+   = HO2   5.0E+10 5.0E+10 5.0E+10 5.0E+10 5.0E+10 5.0E+10 5.0E+10 

24 2HO2         = H2O2 +  O2 7.93E+05 2.7E+6 2.7E+6 2.7E+6 2.7E+6 2.7E+6 2.7E+6 

25 
2O2- +  2H2O = H2O2 + O2 
+ 2OH- 5.6E+3 5.6E+3 5.6E+3 5.6E+3 5.6E+3 5.6E+3 5.6E+3 

26 H    +  HO2  = H2O2 1.92E+10 2.0E+10 2.0E+10 2.0E+10 2.0E+10 2.0E+10 2.0E+10 

27 H    +  O2-  =  HO2- 1.92E+10 2.00E+10 2.0E+10 2.0E+10 2.0E+10 2.0E+10 2.0E+10 

28 
e- +O2- +H2O=HO2- +  
OH- 3.3E+6 1.20E+10 3.3E+6 3.3E+6 3.3E+6 3.3E+6 3.3E+6 

29 OH- + H2O2=HO2-+  H2O 4.75E+08 5.00E+08 1.0E+8 1.0E+8 1.0E+8 1.0E+8 1.0E+8 

30 2H2O2        = 2H2O  +  O2 3.36E-08 1.9973E-6 1.9973E-6 1.9973E-6 1.9973E-6 1.9973E-6 1.9973E-6 

31 H    +  H2O  = H2   +  OH 1.04E-4 1.04E-4 1.04E-4 1.04E-4 1.04E-4 1.04E-4 1.04E-4 

32 H2O  +  HO2- = H2O2+OH- 1.20E+07 5.74E+04 1.02E+4 1.02E+4 1.02E+4 1.02E+4 1.02E+4 

33 HO2  +  O2-  = O2   +  HO2- 9.40E+07 8.50E+07 1.5E+7 1.5E+7 1.5E+7 1.5E+7 1.5E+7 

34 H2O2         = 2OH   7.7E-4 7.7E-4 7.7E-4 7.7E-4 7.7E-4 7.7E-4 7.7E-4 

35 OH  + HO2-   = O2- + H2O   7.21E+09 7.5E+9 7.5E+9 7.5E+9 7.5E+9 7.5E+9 7.5E+9 

36 OH + OH- = O- + H2O 1.15E+10 1.20E+10 1.2E+10        1.2E+10        1.2E+10         1.2E+10       1.2E+10        

37 O-   + H2O   = OH + OH- 1.50E+08 1.70E+06 1.7E+6         1.7E+6         1.7E+6          1.7E+6         1.7E+6         

38 e-   + HO2-  = O- + OH- 3.36E+09 3.50E+09 3.5E+9         3.5E+9         3.5E+9          3.5E+9         3.5E+9         

39 O2- +O2- +H+ =HO2-+ O2   1.42E+09 6.42E+14 6.42E+14 6.42E+14 6.42E+14 6.42E+14 6.42E+14 

40 H2O2       = H2O + O 3.36E-08 2.72E-3        2.72E-3        2.72E-3        2.72E-3        2.72E-3       2.72E-3        

41 O    +  O    = O2    4.81E+09 2.84E+10 2.84E+10 2.84E+10 2.84E+10 2.84E+10 2.84E+10 

42 O2 - - +H2O= HO2- +  OH- 9.61E+05 1.1E+6 1.1E+6 1.1E+6 1.1E+6 1.1E+6 1.1E+6 

43 e-   +   O2- = O2- 1.3E+10 1.3E+10 1.3E+10 1.3E+10 1.3E+10 1.3E+10 1.3E+10 

44 H2O2+HO2=H2O+O2+OH 0.5E0 0.5E0 0.5E0 0.5E0 0.5E0 0.5E0 0.5E0 

45 O2- +H2O2 =OH+OH-+O2 0.13E0 0.13E0 0.13E0 0.13E0 0.13E0 0.13E0 0.13E0 
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46 H2O2         = H+  +  HO2- 2.56E-8 3.56E+02 2.56E-8 2.56E-8 2.56E-8 2.56E-8 2.56E-8 

47 e- +HO2+ H2= H2O2+OH- 1.39E+10 1.39E+10 1.39E+10 1.39E+10 1.39E+10 1.39E+10 1.39E+10 

48 e- +O2- +H2O=HO2- +OH- 1.39E+10 2.00E+10 1.39E+10 1.39E+10 1.39E+10 1.39E+10 1.39E+10 
 
Table 5 Continuation.  Reactions considered and Rate constants measured/calculated by different authors.  
Notice that in order to use the rate constant measured/calculated by the different authors, it is necessary to 
have a value for the rate constant of each one of the reactions considered.  Accordingly, in order to “test” the 
results of those rate constants given by the different authors, for each sparse column we need to “borrow” 
some rate constants measured/calculated by other authors.  The values used in other columns when the 
values were missing are marked in red bold numbers.  For each author the values measure/calculated are on 
the right side of the column; the values of the rate constant “borough” from other authors (as marked in red 
bold when originally measured by the authors) are on the left side of the column when those rate constants 
were not reported by the author.  All rate constants were measured/calculated at 25 C. 
 

 Author Identification Number 
15  (DDM 34 [10] 

Reactions) 
16 (DDM 48 
reactions)   

  

Most of the 
reaction rate 
constants are 

taken from: W. 
G. Burns and P. 

B. Moore, 
Radiation Effects, 

30, pp.  233 
(1976). 

(except the rate 
constants marked 

in a pink cell) 
Rate Constant at 
25'C; L mol-1 S-1 

 

 

 Reactions 35-48 
are from other 
authors 

Activation 
Energy 

[10] 
 
 

Activation 
Energy 
 
 
From Several 
Authors 

   

From 1-34 
identical to 
DDM [10]  
Rate Constant 
at 25'C; L mol-1 
S-1 Kcal/mol Kcal/mol 

  [10, 37] This paper   

 Reactions     

            

1 e-   +  H2O  = H    +  OH- 1.6E+1 1.6E+1 3.0E0  

2 e-   +  H+   = H 2.4E+10 2.4E+10 3.0E0  

3 e-   +  OH   = OH- 2.4E+10 2.4E+10 3.0E0  

4 e-   +  H2O2 = OH   +  OH- 1.3E+10 1.3E+10 3.0E0  

5 H    +  H    = H2 1.0E+10 1.0E+10 3.0E0  

6 e-   +  HO2  = HO2- 2.0E+10 2.0E+10 3.0E0  

7 e-   +  O2   = O2- 1.9E+10 1.9E+10 3.0E0  

8 2e-  +  2H2O = 2OH-  +  H2 5.0E+9 5.0E+9 3.0E0  

9 OH   +  OH   = H2O2 4.5E+9 4.5E+9 3.0E0  

10 OH   +  HO2  = H2O  +  O2 1.2E+10 1.2E+10 3.0E0  

11 OH   +  O2-  = OH-  +  O2 1.2E+10 1.2E+10 3.0E0  

12 OH-  +  H    = e-   +  H2O 2.0E+7 2.0E+7 3.0E0  

13 e- + H + H2O = OH-  +  H2 4.5E+8 4.5E+8 3.0E0  

14 e- + HO2- +H2O=OH + 2OH- 6.3E+7 6.3E+7 3.0E0  

15 H+   +  OH-  = H2O 1.44E+11 1.44E+11 3.0E0  
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16 H2O          = H+   +  OH- 2.6E-5 2.6E-5 3.0E0  

17 H    +  OH   = H2O 2.0E+10 2.0E+10 3.0E0  

18 OH   +  H2   = H    +  H2O 3.4E+7 3.4E+7 4.6E0  

19 OH   +  H2O2 = H2O  +  HO2 2.70E+7 2.70E+7 3.45E0  

20 H    +  H2O2 = OH   +  H2O 4.4E+7 4.4E+7 4.5E0  

21 H    +  O2   = HO2 1.9E+10 1.9E+10 3.0E0  

22 HO2          = O2-  +  H+ 8.0E+5 8.0E+5 3.0E0  

23 O2-  +  H+   = HO2   5.0E+10 5.0E+10 3.0E0  

24 2HO2         = H2O2 +  O2 2.7E+6 2.7E+6 4.5E0  

25 2O2-+ 2H2O=H2O2+O2+2OH- 1.7E+7 1.7E+7 4.5E0  

26  H    +  HO2  = H2O2 2.0E+10 2.0E+10 3.0E0  

27 H    +  O2-  =  HO2- 2.0E+10 2.0E+10 3.0E0  

28 e- + O2- + H2O=HO2- +  OH- 1.3E+8 1.3E+8 4.5E0  

29 OH-  +  H2O2 = HO2- +  H2O 1.8E+8 1.8E+8 4.5E0  

30 2H2O2        = 2H2O  +  O2 1.9973E-6 1.9973E-6 14.8E0  

31 H    +  H2O  = H2   +  OH 1.04E-4 1.04E-4 3.0E0  

32 H2O  +  HO2- = H2O2 +  OH- 1.02E+4 1.02E+4 3.0E0  

33 HO2  +  O2-  = O2   +  HO2- 1.5E+7 1.5E+7 4.5E0  

34 H2O2         = 2OH   7.7E-4 7.7E-4 7.3E0  

35 OH    + HO2-   = O2- + H2O   0.0E+0 7.88E+9 0.0E0 3 

36 OH + OH- = O- + H2O 0.0E+0  1.28E+10 0.0E0 3 

37 O-   + H2O   = OH + OH- 0.0E+0  6.14E+6 0.0E0 3 

38 e-   + HO2-  = O- + OH- 0.0E+0  3.97E+9 0.0E0 3 

39 O2-+ O2- + H+  =  HO2- + O2   0.0E+0 6.42E+14 0.0E0 3 

40 H2O2       = H2O + O 0.0E+0 2.72E-03 0.0E0 15 

41 O    +  O    = O2    0.0E+0  2.84E+10 0.0E0 3 

42 O2 - - + H2O =  HO2-  +  OH- 0.0E+0  1.1E+6 0.0E0 3 

43 e-   +   O2- = O2- 0.0E+0 1.3E+10 0.0E0 3 

44 H2O2 + HO2= H2O + O2+OH 0.0E+0  0.5E+0 0.0E0 3 

45   O2- + H2O2=OH+ OH- + O2 0.0E+0 0.13E+0  0.0E0 3 

46 H2O2         = H+  +  HO2- 0.0E+0 2.56E-8 0.0E0 3 

47 e- + HO2+ H2O = H2O2+OH- 0.0E+0 1.39E+10 0.0E0 3.2 

48 e- + O2- + H2O = HO2- +OH- 0.0E+0 1.39E+10 0.0E0 3.2 
 
Table 5 Continuation.  Reactions considered and Rate constants measured/calculated by different authors.  
All the rate constants shown in the Table above are measured/calculated at 25 C.  In order to calculate the 
corresponding rate constant at a different temperature, it is necessary to modify its value by using the 
reaction activation energy.  The first column show the DDM [10] Reaction Set of 34 reactions as used in 
BWRs.  All the values listed, but the ones marked in a pink cell are as those published by Burns and Moore 
[4].  The values marked in red are the one used as “prototype” values to “fill” up those missing rate constants 
values for other authors; as listed in the beginning of this same table.  The last two columns show the 
activation energy used in all calculations; and needed to convert the rate constant at the temperature where 
they are being calculated. 
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              ANNEX I 

FULL REPORT ON THE 1ST RESEARCH COORDINATED MEETING 
COORDINATED RESEARCH PROJECT ON  

DATA PROCESSING TECHNOLOGIES AND DIAGNOSTICS  
FOR WATER CHEMISTRY AND CORROSION IN NUCLEAR POWER PLANTS 

(DAWAC) 
20–23 NOVEMBER 2001 - SMOLENICE, SLOVAKIA 

 
 
 
INTRODUCTION 
 
Fifteen designated participants from 15 countries (T. Guaudreau, USA and D. Tice, UK could not 
come due overlapping with other business) and four observers from Czech Republic and Slovakia took 
part in the meeting. Altogether 17 review papers were presented covering R & D and operational 
practices of diagnostic systems for water chemistry control (Expert Systems) in PWRs/WWERs 
(primary and secondary sides), BWRs/RBMKs and PHWRs, as well as methods of on-line water 
chemistry monitoring and control. During the panel discussion of the status of Expert Systems and on-
line monitoring methodologies/techniques in the context of the DAWAC CRP was discussed. 
Directions of future activities in the area were discussed and agreed. Technical visit to Bohunice NPP 
was undertaken where special emphasis was given to water chemistry part of the plant with analysis of 
design, structure and operational experience of CHEMIS 32-Chemistry Information System. This 
system allows receiving signals from instruments installed into the primary and secondary circuits.  
 
The participants of DAWAC programme were asked to introduce data processing technologies for 
operating plants in order to improve safety and reliability as well as availability of the plants. Each 
project member should give a contribution to one or several of the following topics: 
 
• Data collection, 
• Data evaluation, 
• Diagnosis, assessment. 

 
 
SESSION I: DIAGNOSTIC SYSTEMS FOR WATER CHEMISTRY CONTROL: DEVELOPMENT 

AND PRACTICES  
(CHAIRMAN - MR. FRANCIS NORDMANN, FRANCE) 

 
Session I consisted of the following 9 papers: 
 

1. C. Turner (CRL, Canada) “ChemANDTM – a system health monitor for plant chemistry”; 
2. F. Nordmann (EDF, France) “EDF approach for chemistry control in French PWRs”; 
3. W. Metzner (Framatome-ANP) “Diagnostic system for water chemistry control (DIWATM)”; 
4. P. Marcinsky (NPP Mohovce, Slovakia) “Experience with Siemens developed DIWA 

diagnostic system at Mohovce NPP”; 
5. M. Zmitko (INR, Czech Rep.) “Semi-expert system ALERO for primary water chemistry 

control and diagnostics”; 
 
6. Smiesko (NPP Bohunice, Slovakia) “Chemistry information system at NPP Bohunice; 
7. S. Figedy (NPPRI Trnava)“Introduction to of neuro-fuzzy methods applicability in water 

chemistry expert systems; 
8. S. Uchida (Tohoku Univ., Japan) “Anomaly diagnosis system of structural materials in 

BWRs based on water chemistry data”; 
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9. V. Kritsky (VNIPIET, Russia) “Expert system for diagnostics and status monitoring of NPP 
water chemistry”. 

 
From these presentations, 1 highlight related to a trend has been identified for each of the above 
general objective of DAWAC project. 
 
1. Difference between R & D measurements and chemistry control in NPP (Data collection in  

DAWAC program) 
 
Some presentations explained the benefit of specific in situ measurements at high temperature. These 
data, such as conductivity, pH, ECP are generally used by some laboratories for investigation in order 
to evaluate local chemistry condition, corrosion risks, etc. 
 
They are very useful for improving the policy of chemistry to be applied by the Nuclear Power Plants 
and may be considered as a R & D tool for this optimization. However, besides a few exceptions, they 
are not used for normal operational control of chemistry and corrosion, since no remedial action is 
directly associated to these data. 
 
For example, ECP measurement is of high interest for defining the optimum hydrazine content in the 
secondary system of PWR, in order to obtain an assessment environment and thus mitigate secondary 
side corrosion of steam generator tubing in Alloy Inconel 600. Such determination is valid for a group 
or for a defined design of units. Thus, ECP would be carried out only in a very few units. Once the 
optimum hydrazine condition is defined, the plant staff will only routinely monitor hydrazine and ECP 
measurements can be terminated. 
 
However, one specific case where in situ high temperature measurements may be carried out during 
normal power operation is the ECP monitoring for BWR units applying the HWC (Hydrogen Water 
Chemistry). 
 
In conclusion from this statement, specific in situ at high temperature should be considered as a tool 
for R & D in order to optimize chemistry condition to be specified in Nuclear Power Plants (NPP), but 
not as a monitoring system to be used in all the NPP under normal operating conditions. 
 
2. Data trending (Data evaluation in DAWAC program)  
 
More and more NPP are using software and hardware systems in order to: 
 
• Store operational chemical data,  
• Draw graphs for trends on chemistry evolution, which will help to identify any deviation,  
• Confirm adequacy of applied chemistry to the main objectives,  

 
• Establish a chemistry index, report key results to the management which will have the 

required tool to evaluate chemical performances of the NPP, 
• Prepare monitoring programs, 
• Identify operating values out of specification, requiring a corrective action, 
• Prepare a feedback analysis of chemistry in the unit and, if appropriate, compare the data to 

other units or other plants data. 
 
These computerized tools are more and more used and needed because of: 
 
• Number of gathered operating data, and the number of components where each parameters is 

monitored (e.g. 6 SG/unit for some VVER plants), 
• Availability of user-friendly programs. 
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In conclusion from this statement, the data evaluation tools/soft wares are used extensively in western 
nuclear power plants. The main arguments have been cost reduction and more efficient utilisation of 
the collected data from the process instruments. The utilisation of such software should be encouraged 
to further improve the chemistry control and thus safety. 
 
3. Expert System (Diagnosis, assessment in DAWAC program) 
 
Some expert system are developed by Manufacturers and used by a few NPP. Their benefit is very 
dependant on the specific situation of the unit: 
 

• Presence or not of a large staff, 
• Chemists on shift or not, 
• Existence of highly trained and experienced staff to situations out of normal conditions,  
• Comparative cost of expert system and trained man power, 
• Difficulties that may be encountered in applying the specified chemistry  

(e. g. aging of components presenting frequent failures…). 
 
Such expert systems should be developed further in order to cope with the exact need of each NPP for 
applying a safe chemistry at a limited cost.  
 
The limitations of these systems are mainly related to their cost and in some case to their complexity. 
In addition such systems are used rarely mainly due to the low frequency of condition requiring 
assistance. 
 
Semi expert systems, less sophisticated, of a lower cost, more frequently used, have been also 
described as an alternative solution and represent thus an interesting alternative option for the Utilities. 
 
In conclusion from this statement, the use of expert system will remain limited to a few categories of 
NPP when the staff is not able at any time to define the cause and remedy to any abnormal situation in 
chemistry. The use of semi-expert systems could be more frequently used and therefore also more 
valuable for plant operators. 
 
 
SESSION II: METHODS OF ON-LINE WATER CHEMISTRY MONITORING AND CONTROL  

(CHAIRMAN-Mr. KARI MAKELA, FINLAND) 
 
In session II most of the presentations contained work related to Data collection part of the DAWAC 
programme. Presentations from India and Bulgaria however included also some work, which can be 
categorised as a contribution to Diagnostics, Assessment part of the DAWAC programme.  
 
This summary will give a short overview of the presented papers and discuss some of the relevant 
questions related to the presentations. More detailed information of each paper can be found in the 
original presentations. 
 
Session II consisted of the following 8 papers: 
 

1. P. Dobrevsky (INRNE, Bulgaria) “A review of work in the field of the DAWAC CRP, 
previously carried out and plans/perspectives for the future work”; 

2. J. Schunk (Paks NPP, Hungary) “Evaluation and analysis of data from in-situ gamma-
spectrometric measurements versus operational parameters”; 

3. S.V. Narasimhan (BARC Facilities, India) “Development of an Expert System and 
implementation of on-line measurement methods in Indian reactors”; 

4. D. Macdonald (PSU, USA) “Techniques for monitoring the chemistry and electrochemistry 
of very hot aqueous solutions”; 
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5. K. Makela (VTT, Finland) “In-line high temperature water chemistry measurements under 
primary circuit conditions in operating BWR and PWR in Finland”; 

6. Pirvan (INR, Romania) “Overview of Romanian program to investigate corrosion of 
CANDU-6 primary heat transport (PHT) structural materials”; 

7. M. Ullberg (Studsvik Nuclear AB, Sweden) “Evaluation of BWR ECP data during HWC”; 
8. Masko (Ministry of Fuel and Energy, Ukraine) “Chemical technologies and life management 

of  Ukranian NPPs with WWER type reactors”. 
 
Overall summary of the presentations: 
 
1. Data collection 
 
J. Schunk (Paks NPP, Hungary) “Evaluation and analysis of data from in-situ gamma-spectrometric 
measurements versus operational parameters” 
 
High-resolution on-line gamma-spectrometry was utilised to determine the absolute surface activity of 
the nuclides around the primary circuit and equivalent activity in the mixed-bed ion exchange column 
at Paks nuclear power plant. Additional measurements were carried out also on some steam 
generators. The main purpose is to obtain prompt information about the physical and chemical 
condition of the primary loop and to observe short-term as well as long-term effects of possible small 
water chemistry changes on activity build-up.  The paper shows for example that the measured activity 
levels in hot leg of the primary coolant are lower than in the cold legs, except in one unit where the 
situation is quite opposite. Another interesting observation was that the amount of activity of the same 
nuclide in the coolant and the surface does not correlate. The measurements will be continued and 
evaluated prior the next DAWAC meeting. 
 
D. Macdonald (PSU, USA) “Techniques for monitoring the chemistry and electrochemistry of very hot 
aqueous solutions” 
 
Considerable interest is being generated in developing nuclear generating systems using super critical 
water as the heat transfer medium. Greatest challenges are the selection of materials that can withstand 
the harsh oxidising conditions that exist in the reactor and in downstream components and the 
development of effective in-situ chemical, electrochemical and corrosion rate monitoring techniques. 
The paper summarises the extensive sensor development work, which has resulted in chemical and 
electrochemical sensors capable of operating at temperature up to 530 oC. The corrosion rate 
measurements have been successfully carried out in high subcritical and supercritical solutions in 
laboratory loop systems.  However, plant applications are needed to obtain information of mechanisms 
of corrosion reactions in real operation conditions. If supercritical systems become reality in nuclear 
industry the type of information reported in this presentation may prove crucial as input parameters to 
different expert or semi-expert systems,  
 
K. Makela (VTT, Finland) “In-line high temperature water chemistry measurements under primary 
circuit conditions in operating BWR and PWR in Finland” 
 
The main conclusion of the high temperature water chemistry measurements at Olkiluoto 1 (BWR) is 
that the monitoring unit provides relevant information that can be well used both for assessing long-
term trends and for sensitive detection of rapid changes in the coolant environment.  
 
The high-temperature water chemistry at Loviisa unit 1 is characteristic of a steady-state operation of a 
WWER plant (PWR). Most valuable data is obtained during the shutdown and following start-up 
periods, as well as during possible unscheduled transients. Detailed investigation of high temperature 
water chemistry monitoring together with on-line measurement of soluble and in-soluble species in 
different time frames of these transients could provide valuable information about processes 
controlling activity build-up.  
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The Finnish and American papers dealt with in-line high temperature water chemistry monitoring and 
sensor development. These sensors have been used on and off in plants, but the main benefit of these 
measurements to the plant operators in still not yet totally clear.  DAWAC program should advice if 
high temperature data so valuable that it should be part of normal on-line data collection routines at 
plants and if so how to incorporate this data to existing expert systems?   
 
I. Pirvan (INR, Romania) “Overview of Romanian program to investigate corrosion of CANDU-6 
primary heat transport (PHT) structural materials” 
 
The corrosion behaviour of typical CANDU-6 primary circuit components was extensively 
investigated to accumulate data and knowledge on corrosion mechanisms not only under typical 
operational conditions but also in more aggressive environments. The results will be incorporated into 
the computer codes as a part of an expert system. This data will be then used to get an estimation of 
component expected lifetime. The future work will concentrate on following up the activity build-up 
in the reactors and is therefore in line with the Hungarian and Bulgarian presentations in this session. 
 
M. Ullberg (Studsvik Nuclear AB, Sweden) “Evaluation of BWR ECP data during HWC” 
 
The purpose of HWC in BWRs is to lower the ECP of stainless steel components below –230 mVSHE. 
HWC has negative side effects in some BWRs and it may be important to inject as little H2 as 
possible. The ECP will then vary from one location to another and a computer model is needed to 
predict the ECP at locations where it is not measured. Presently, there are two HWC/ECP models in 
Sweden. The results seem to indicate that the models are fairly sensitive to errors in input data and that 
not necessary all relevant data is included into the codes. One of the main observations was that the 
different power levels in the core periphery and the hydrogen injection rates strongly affected the 
measured ECP values. For models to take into account these parameters they should be regularly 
updated from core management codes and measurements. This would make the ECP models 
complicated to use. As an overall conclusion it was found out the ECP measurements cannot be 
replaced by computer codes if the plant is operating under HWC.  
 
O. Arkhipenko (Ministry of Fuel and Energy, Ukraine) “Chemical technologies and life management 
of Ukrainian NPPs with WWER type reactors” 
 
The operational conditions in Ukrainian NPP are chosen to minimise the impact of corrosion to 
nuclear power plant components and to reduce the amount of produced radioactive waste. The further 
improvement is obtained by upgrading the purification systems for feed water and introduction of 
more effective water chemistry regimes. Typically hydrogen is produced into the primary coolant in 
WWER plants by ammonia injections. In Ukraine the plan is to start using hydrogen gas dosing to 
allow more flexible operation during different transient situations.  Morpholine is going to be used in 
all nuclear power plants in beginning of 2004 in the secondary side. The paper summarised also the 
upgraded on-line monitoring capabilities of Ukrainian power plants.  
 
2. Diagnosis, assessment: 
 
I. Dobrevsky (INRNE, Bulgaria) “A review of work in the field of the DAWAC CRP, previously 
carried out and plans/perspectives for the future work” 
 
In some cases deviations from the normal water chemistry conditions have occurred in operating 
power plants. Until now not enough information exist how these water chemistry deviations affect the 
operational lifetime of the plants and what is their impact for example on the activity levels on the 
primary coolant surfaces. In the beginning of the DAWAC programme the Bulgarian contribution will 
concentrate on modelling the activity build-up on different parts of the primary system of a 440 MWe 
unit of Kozloduy NPP based on real water chemistry plant data. Later on the modelling will be 
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extended to cover also 1000 MWe units. The data will be then used to update the existing water 
chemistry guidelines to ensure long lifetime of the reactors. 
 
S.V. Narasimhan (BARC Facilities, India) “Development of an Expert System and implementation of 
on-line measurement methods in Indian reactors” 
 
An extensive summary was given of the operating conditions and regulatory guidelines in Indian 
PHWRs. In addition, the presentation covered all parts of the DAWAC programme, starting from data 
collection (formation of data base) to building up expert systems for plant operators and managers use. 
Basically the key question was to devise the rule base for diagnostics. More detailed information will 
be available in the next meeting. 
 
As a conclusion the session resulted in the following three relevant questions:  
 

• To what extent this type of information should be presented to plant operators and what is the 
best way to utilise these data?  

• How many on-line measurements are actually needed and how the information is used best?  
• Are currently used models and/or expert systems accurate enough for plant use? 

 
 
MEETING’S RESULTS ACHIEVED AND RECOMMENDATIONS: 
 
Results obtained were evaluated by all participants as very positive ones, especially in the areas of 
data analysis and diagnostics and, to a lesser extent, in data collection area. Directions of future 
activities in the area were discussed and agreed upon for each participating organization. Participating 
organizations agreed that major directions of the cooperation effort in this project would include: 
 
In data collection: minimization of data volume with strong prioritisation of data to be measured on-
line; search for optimal combination of on-line measured data and laboratory measured data; 
modernization of measurement methods and equipment; comparison of theoretical models and 
measurement results. 
 
In data evaluation and processing area: clarification of the list of chemical parameters to be measured 
and then-processed; optimisation of data format and volume to be submitted to diagnostic part; further 
development of data handling blocks of the Expert System; progress in water chemistry codes. 
 
In data diagnostic area: definition of the borderline between R & D activities in water chemistry 
monitoring area and actual plant needs in Water Chemistry Expert Systems; extension of System’s 
performance and capabilities in the direction of: alarm signal→advice to operator→self-education; 
optimal architecture of Expert’s Systems for plants with different reactor types and of different age. 
 
Upon invitation of the Nuclear Research Institute, Czech Republic, next RCM will be in Prague, 
Czech Republic, from 26 to 29 November 2002.  
 

 
 



 

 

 
 

 

 
 

 
 

 
 

ANNEX II 

FULL REPORT ON THE 2ND RESEARCH COORDINATED MEETING 
COORDINATED RESEARCH PROJECT ON  

DATA PROCESSING TECHNOLOGIES AND DIAGNOSTICS  
FOR WATER CHEMISTRY AND CORROSION IN NUCLEAR POWER PLANTS  

(DAWAC) 
26-29 NOVEMBER 2002 - PRAGUE, CZECH REPUBLIC 

 
 
 
SESSION I: DIAGNOSTIC SYSTEMS FOR WATER CHEMISTRY CONTROL: DEVELOPMENT 

AND PRACTICES  
(CHAIRMAN-Mr. FRANCIS NORDMANN, FRANCE) 

 
Session I consisted of the 8 following papers: 

1. C. Turner (AECL, Canada) “On-line chemistry monitoring, diagnosis and analysis for 
intelligent plant chemistry control”; 

2. F. Nordmann et alii (EDF, France) “On-line monitoring and data bank in French PWRs”; 
3. T. Gaudreau (EPRI Solutions, USA) “On-line monitoring and diagnostics using SMART 

ChemWorks”; 
4. M. Ullberg (Studsvik Nuclear AB, Sweden) “Beyond EXCEL – Analysis of crud data”; 
5. Smiesko and S. Figedy (NPP Bohunice, Slovakia) “First tests of PEANO module on the real 

plant chemistry data sets”; 
6. M. Zmitko et alii (NRI Rez plc, Czech Republic) “ Water chemistry and corrosion process 

monitoring during hot functional tests at Temelin and Mochovce NPPs”; 
7. S. Uchida et alii (Tokohu University, Japan) “Water chemistry data acquisition, processing, 

evaluation and diagnosis system in Light Water Reactors – Latest experience with Japanese 
LWRs”; 

8. S. Narashiman et alii (BARCF, India) “Expert system for water chemistry monitoring in 
PHWRs”. 

 
Overall summary of the presentations: 

 
1. C. Turner (AECL, Canada) “On-line chemistry monitoring, diagnosis and analysis for intelligent 
plant chemistry control” 
 
This presentation explained how software installed at Gentilly 2 NPP (Canada) for on-line chemistry 
monitoring, analysis and diagnosis, allows the plant staff to take the appropriate decision to further 
plant operation. 
An example of this is the monitoring of steam generator blow down chemistry for evidence of a 
condenser leak. Evasive action is normally taken in response to a condenser leak under the assumption 
that condenser leaks result in aggressive crevice chemistry conditions in the steam generator that will 
lead to degradation of the steam generator tubes. By combining on-line chemistry monitoring with an 
analytical model of crevice chemistry, however, plant operators can make more informed decisions on 
whether or not mitigation action is warranted. Examples are given of steam generator crevice 
chemistry conditions arising from a condenser leak, a faulty water treatment plant, hideout return 
during shutdown, and a plant startup. Combining the predicted crevice chemistry with a pH-
electrochemical potential diagram for the steam generator tube alloy provides additional insights into 
whether or not a pit might have initiated during the chemistry excursion. 
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1.  F. Nordmann et al. (EDF, France) “On-line monitoring and data bank in French PWRs” 
 
This presentation gave the list of on-line monitors, which are used for the control of chemistry in 
French PWR. In addition to this list, the purpose of having one or several on-line monitors was 
explained. The reason for not having on-line monitors in other cases was also described. 
The second part of the documents indicated the MERLIN tool, which is now used for chemical data 
collection, for organizing the chemical controls, list of analyses to perform, conformity to chemistry 
specification. 
The policy of not transmitting the on-line monitor’s signals to the data bank but of manually 
introducing the daily value of the on-line monitors was justified. 
The type of chemical data restoration and their purpose was also given. 
 
3. T. Gaudreau (EPRI Solutions, USA) “On-line monitoring and diagnostics using SMART 

ChemWorks” 
 
This presentation explained the technical support of a comprehensive system for NPP. 
In 1999, EPRI began using its SMART ChemWorks system for real-time monitoring and diagnostics 
in nuclear power plants. To date there are about 100 plant years of experience with this system. 
The SMART ChemWorks system includes an integrated plant chemistry simulator and the output 
from this simulation is used in several interesting applications. 
This presentation discussed the implementation of this system, integration with chemistry and other 
plant monitors and how the use of this intelligent system is helping nuclear plants in the United States 
leverage the greatest amount of information about the condition of the plant from the minimum 
number of installed monitors. 
 
4. M. Ullberg (Studsvik Nuclear AB, Sweden) “Beyond EXCEL – Analysis of crud data” 
 
This presentation showed how the investigation on a large number of fuel crud samples allows 
determining which parameters have an influence on deposits on fuel and on their composition. 
Over 3500 fuel-crud samples have been taken in the Swedish BWRs. Chemical and radiochemical 
analysis of the samples have resulted in a database with 25 000 entries. Recent studies, using program 
packages for statistical data analysis, have demonstrated that interesting information is present in the 
database. 
The high Cr-level could be an indication of reducing conditions. The low specific activity signifies 
unstable crud. Reducing fuel-cladding surface conditions have previously been invoked to explain 
rising Co60-levels in the reactor water of Japanese BWRs, but have not in the past been detected in 
Swedish BWRs. 
The correlation pattern of the outlying one-year old crud indicates that the dominant phase is a Ni- and 
Cr-substituted magnetite. Magnetite seems to form as a consequence of locally reducing conditions on 
the cladding surface of some batches one-year old fuel. Obviously, magnetite is unstable in the 
oxidizing water chemistry of a BWR. 
 
5. I. Smiesko and S. Figedy (NPP Bohunice, Slovakia) “First tests of PEANO module  

on the real plant chemistry data sets” 
 
This presentation showed how plant data are prepared only from on-line monitors, according to the 
testing of PEANO module with all the data from the secondary water system. The chemical data are 
validated by a computational intelligence approach. 
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Sensor validation and on-line calibration are based on a fuzzy logic and artificial intelligence to 
support compliance with technical specification and efficiency optimization. 
 
6. M. Zmitko et alii (NRI Rez plc, Czech Republic) “ Water chemistry and corrosion process 

monitoring during hot functional tests at Temelin and Mochovce NPPs” 
 
This presentation detailed the operational experience in water chemistry and corrosion process 
monitoring, and results obtained during period of the hot functional tests of VVER units Mochovce in 
Slovakia and Temelin in the Czech Republic. The hot functional tests were conducted at controlled 
primary water chemistry with the aim to develop a protective passive film on the primary circuit 
surfaces. Special water chemistry guidelines were developed and implemented at this period. Also, 
some surveillance samples (coupons) were placed into the primary circuit and subsequently analyzed 
to obtain information about characteristics of the formed passive film and ongoing corrosion 
processes. 
 
Ammonia addition, forming porous deposits, is not recommended. Potassium hydroxide at 170°C is 
able to produce stable magnetite through Schikkor reaction: 

3 Fe (OH)2    →    Fe3O4    +    2H2O    +    H2 
The environment should not be too reducive. A sufficiently thick and stable oxide may be obtained by 
passivation steps of long enough duration. This oxide must be rich in chromium content. 
The activity observed during operation is lower if the quality of hot functional tests (duration) is good 
enough and if purification flow rate is high enough. 
 
7. S. Uchida et alii (Tokohu University, Japan) “Water chemistry data acquisition, processing, 

evaluation and diagnosis system in Light Water Reactors – Latest experience with Japanese 
LWRs” 

 
This presentation was related to methodology for plant diagnosis systems based on water chemistry 
data and expert tools. 
Data acquisition, processing and evaluation systems have been applied in major PWRs and BWRs in 
Japan for reliable and quick data acquisition with saving manpower in plant chemical laboratories and 
smooth and reliable information transfer for chemists to plant operators and supervisors. 
Unfortunately, plant diagnosis systems have been applied in only restricted areas and limited purposes 
in operating power plants. 
As a result of the survey of the latest experiences with Japanese plant utilities applied water chemistry 
data acquisition, processing, evaluation and diagnosis systems, it was confirmed that: 

1) X-ray fluorescence analysis and ion chromatography were widely applied as automatic 
chemical analysis procedures to connect with data processing computers, 

2) Water chemistry data were stored in PC base-data storage systems along with other major 
plant data to evaluate reliabilities of data themselves and, 

3) Clear data displays were effectively applied to support quick response for fuel leakage and 
long-term analysis for understanding the plant own water chemistry responses. 

The experiences with Japanese plant utilities demonstrated that these expert systems have been used in 
a restrictive way since the cost/benefit ratio was too high. Plant expert systems are suitable for long or 
medium term data, with a limited number of parameters but are not interesting for replacing 
experienced chemists in case of abnormal situation. 
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8. S. Narashiman et alii (BARCF, India) “Expert system for water chemistry monitoring in PHWRs”. 
 
This presentation explained the creation of a knowledge base for chemistry in Indian 220 MWe 
Pressurized Heavy Water Reactor type (PHWR). The 3 major systems are primary heat transport 
system (PHT), steam generator system (SG) and moderator system. 
 
In the chemistry management of PHWRs, very few parameters are chosen for initiation of corrective 
action in the three key circuits mentioned above. In order to develop an expert system, a knowledge 
base needs to be created which will pool the expertise of the chemist to interpret the variation in each 
of the chemistry parameters in a prescribed manner. 
 
The moderator system uses pure heavy water without any chemical additives. Except for radiolytic 
decomposition of water, no other interaction is foreseen. 
 
The PHT system is operating in single phase and the pH is maintained alkaline by a fixed 
concentration of Li (0.3-1.2ppm). 
 
The boiler water circuit is also maintained under alkaline reducing environment by volatile amine and 
hydrazine. In all the circuits, purification by ion exchange is available for steady state purification of 
ionic impurities. Thus specific conductivity, pH dissolved oxygen are only three key parameters that 
need to be monitored and controlled. 
 
The open circuit potential and the redox potential reveal the susceptibility index for material damage 
and the ability of water chemistry domain to induce such damage respectively in the circuits. It will be 
prudent to measure them in-situ on uncooled water samples. 
 
Summary of Session 1 
 
During this session, several papers were related to efficient data acquisition systems and other to data 
analysis and diagnostics.  
Other presentations showed the study of parameters having an influence on corrosion phenomenon, in 
some cases due to deposit mechanism, structure and composition of these deposits. 
According to the different presentations and experiences, it is now obvious that plant data acquisition 
through databases is almost mandatory, and particularly when a utility or an organism is in charge of 
several unit in operation. In this case, such a centralized data bank allows gathering all relevant data 
and comparison between data from one unit to another.  
Then this allows trending the data and evaluating if they look satisfactory or not. These practices now 
seem efficient and correctly settled to plant needs and proper operation. 
Then, investigation on chemical parameters is also useful in order to optimize chemistry in operation, 
and thus to decrease corrosion, activation and transport process. One example was given on the way to 
decrease deposits of crud on the fuel elements and to look at the influence of operating chemical 
parameters on the crud composition and stability which will be on of the ways to avoid fuel 
degradation, axial offset anomalies and to minimize corrosion product activation. The other example 
dealt with the way of optimizing hot functional tests, in terms of duration and chemical conditions in 
order to get more stable oxide, and thus to decrease their release and activation during following 
power operation, in connection to adequate operating conditions such as purification rate.  
More questionable is the use of diagnosis expert systems which are used in some cases in order to give 
to the plant staff the action to take, based upon operating chemical values and more or less 
sophisticated tools which may, for example, compute the chemical condition in areas of restricted 
flow, where concentration process will occur. Based on the calculated chemistry (alkalinity, redox 
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potential, soluble corrosive compounds concentration, etc...) the expert system will give the decision 
to the plant staff if operation may or not continue. 
But important limitations have been identified during the meeting, such as the basis for the action 
level, the uncertainty due to chemistry data input, the local chemistry calculation models.  
The basis for action levels, for example, is quite different from one case to the other and the PHWR 
limits with Alloy 800 steam generator tubing is at least one order of magnitude less restrictive than the 
EPRI limits with Alloy 690, despite the fact that this alloy is more resistant to corrosion in most 
environments or of comparable resistance in a few cases. The Canadian and French limits are 
somewhere between, closer to EPRI limits. Thus, the first need will be to establish a good rationale for 
chemistry limits in various systems, based on material sensitivity to corrosion and to plant design. 
The second limitation to expert systems is due to the lack of data allowing accurate calculation of local 
chemistry according to the concentration process. As an example, the AECL (Canada) and EPRI 
Solutions (USA) calculation systems do not take into account the same chemicals. It is obvious that 
the pH and capability to induce steam generator tubing corrosion will strongly depend on the 
parameters included in the system: sodium and chloride are generally taken into account but chemicals 
such as calcium, magnesium, phosphate are now regularly measured and thus not taken as input data.  
Then, the concentration or adsorption process for sulfate is not the same from one model to the other 
and this will have a strong influence on calculating the local chemistry pH and the risk of degradation.  
Finally, it seems more useful to thoroughly determine, for each type of material and plant design, if a 
defined type and level of pollution among the most frequently encountered in a specific plant, may 
induce corrosion and how long it may be acceptable. As an example, a sea (or river) water leak on 
Alloy 800 may look acceptable for no more than a week if sodium level at steam generator is lower 
than x ppb. Based on such a statement, in most cases, the chemist decision will be easier, quicker, 
more efficient and of a lower cost than the expert system evaluation. The chemist will easily determine 
that the pollution is coming from a sea (or river) water leak without the use of an expert system. 
Nevertheless, some friendly simple system may be of great help for rationale decision if the plant staff 
does not have all the time a chemist with a sufficiently high level of expertise. The limitation 
identified in the meeting is more directed on sophisticated expert systems than on simple accurate 
ones. I. Smiesko summarized the discussion with the following diagram, on the data processing, which 
should be based on the necessary and sufficient parameters, which will allow the plant staff to take the 
appropriate decision.  
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SESSION II: METHODS OF ON-LINE WATER CHEMISTRY MONITORING AND CONTROL  

(CHAIRMAN-Mr. KARI MAKELA, FINLAND) 
 
Session II consisted of the following 8 papers: 

1. Dobrevsky (INRNE, Bulgaria) “WWER primary system water chemistry: experience of 
Bulgarian nuclear power plant Kozloduy (Years 2000-2002)”; 

2. J. Schunk (Paks NPP, Hungary) “Evaluation and analysis of data from in-situ gamma-
spectrometric measurements versus operational parameters”; 

3. K. Makela (VTT, Finland) “In-line high temperature water chemistry measurements under 
primary circuit conditions in operating BWR and PWR in Finland”; 

4. Zhang Weiguo (CIAE, China) “On-line monitoring of the electrochemical noise on localized 
corrosion”; 

5. D. Macdonald (PSU, USA) “Controlling IGSCC in BWR coolant circuits”; 
6. Pirvan (INR, Romania) “Overview of Romanian program to investigate corrosion of 

CANDU-6 primary heat transport (PHT) structural materials”; 
7. V. Kritsky (VNIPIET, Russia) “Equipment for measurement of corrosion potential in the 

primary circuit of LAES, Unit 3”; 
8. Arkhipenko (NNEGC “Energoatom”, Ukraine) “Activity of NNEGC “ENERGOATOM” on 

the organization and improvement of the chemical control in Ukrainian NPPs”. 
 

Summary of the presentations: 
 
1. Dobrevsky (INRNE, Bulgaria) “WWER primary system water chemistry: experience of Bulgarian 

nuclear power plant Kozloduy (Years 2000-2002)” 
 
Bulgarian contribution addresses the challenges of the operators to keep the water chemistry 
parameters within acceptable levels when the nuclear power plants are opering with reduced power.  
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According to presentation Kozloduy NPP may operate long times with 50% power. As a consequence, 
decrease of both inlet coolant temperature to 260oC and outlet coolant temperature to 273oC is 
observed. By these conditions the real coolant’s high-temperature pH-values decrease with 0.3 – 0.4 
pH–units in comparison with the pH-values corresponding to the coolant’s temperature at 100% 
power. These lower coolant pH-values should cause the intensification of the primary circuit’s 
stainless surfaces corrosion processes and also the increase of the corrosion product concentrations in 
coolant. This will accelerate the activity build-up on the circuit’s surfaces. The above-mentioned 
situations require that plant operators should not ignore the real high-temperature pH-values 
corresponding to the different reactor operation conditions. 
 
2. J. Schunk (Paks NPP, Hungary) “Evaluation and analysis of data from in-situ gamma-

spectrometric measurements versus operational parameters” 
 
A presentation was given about in-situ gamma-spectrometric measurements that have been applied 
since 1985 at Paks NPP. The presentation included the lay out of the measurement instruments, 
geometry, method, and places for measurements, data collection and developments needed for 
successful measurements. Interpretation of results from in-situ gamma spectrometry was also given. 
The results were used for data base formation, upgrading activities, correlating the measurement 
results with operational and chemistry data. The author discussed the effects of changes in operational 
parameters, results of measurements done in ion exchanger and the effect of decontamination and the 
following re-contamination rate. Future plans will include comparison of the results from other PWRs, 
evaluation of diagnostical possibilities by using the obtained data set and to find out further 
correlations with operational parameters.  
 
3. K. Makela (VTT, Finland) “In-line high temperature water chemistry measurements under 

primary circuit conditions in operating BWR and PWR in Finland” 
 
The presentation contained results from a project, the main long-term goal of which is to gather 
background information about the corrosion processes and activity incorporation occurring on the 
construction material surfaces exposed to primary coolants. This type of information is likely to 
provide an early warning of eventual changes in these phenomena during the coming years and may 
thus facilitate the assessment of possibly associated risks. The aim is to find correlations between the 
properties of oxide films formed on material samples exposed to primary coolants and rate of activity 
incorporation as well as susceptibility of these materials to stress corrosion cracking and other forms 
of corrosion. Flow-through cell units have been installed in the shutdown cooling system 321 of the 
Olkiluoto 1 BWR unit in and in the sampling line of the Loviisa 1 PWR unit in year 2000 in order to 
collect the data needed for establishing the above-mentioned correlations.  
 
4. Zhang Weiguo (CIAE, China) “On-line monitoring of the electrochemical noise on localized 

corrosion” 
 
In this presentation results were shown from electrochemical noise experiments. The electrochemical 
current noise was monitored during the processes of pitting corrosion and stress corrosion cracking 
(SCC). The specimen material of pitting corrosion was a stick of iron with diameter Φ1.0 mm, the 
specimen material of SCC was a stick of 18-8 stainless steel with diameter Φ1.5mm bent to “U” type 
with 10mm radius. The counting electrode was cylindrical platinum. The test specimens were exposed 
in the solution, the remainder of test specimens is masked with a Teflon belt to avoid the entry of test 
aqueous solution. The test solution of pitting corrosion was 3% sodium chloride with 10% inhibitor at 
room temperature, the test solution of SCC was deaerated and boiling 42% magnesium chloride at 143 
oC. The test cell was placed in a box to avoid the interference of outside electricity and magnet. The 
electrochemical potential noise and current noise ware measured by Solartron 1287A electrochemical 
interface, the electrochemical interface was used as a zero–resistance ampere meter and high 
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resistance digital voltmeter. The whole experiment was controlled by a microcomputer, by the means 
of special computer software. When the pitting corrosion and SCC occur, the electrochemical noise 
was measured as a dense wave, and the signal was very strong.  
 
5. D. Macdonald (PSU, USA) “Controlling IGSCC in BWR coolant circuits” 
 
The purpose of this presentation was to explore these possibilities by using the Mixed Potential Model 
(MPM) and the Coupled Environment Fracture Model (CEFM) to calculate corrosion potentials (ECP 
values) and crack growth rates, respectively, of Type 304 SS in prototypical BWR primary coolant 
circuits for various cases ranging from pure catalysis to pure inhibition. Where possible, the model 
predictions were compared with laboratory and plant data. 
 
Stress corrosion cracking continues to be a major cause of failure of steel (low alloy and stainless) and 
nickel-base alloys in water-cooled nuclear reactor coolant circuits, exacting a high price in terms of 
plant availability and operating cost. As a consequence, various mitigation strategies have been 
developed and explored, including stress relief, desensitization heat treatment, and coolant chemistry 
modification.  With regard to the latter, the most successful strategy has been hydrogen water 
chemistry and subsequent noble metal modifications of the surface to lower the electrochemical 
corrosion potential (ECP).  Although Hydrogen Water Chemistry (HWC) is now well established as a 
practical technique for mitigating intergranular stress corrosion cracking (IGSCC) in austenitic 
stainless steels in BWR primary coolant circuits, the electrochemical basis of the technology is not 
well appreciated within the nuclear power community. For example, the effect of hydrogen is 
commonly attributed to the “suppression of radiolysis” but, although suppression does occur, this 
phenomenon alone cannot account for the practical utility of the technique. Instead much of the impact 
of hydrogen arises from electro catalytic phenomena that involve the kinetics of charge transfer across 
the passive film that forms spontaneously on the steel surface. Consideration of electro catalytic 
effects demonstrates that a distinction needs to be made between specific catalysis, in which only a 
specific reaction in the system (e.g., the hydrogen electrode reaction) is catalyzed, and general 
catalysis in which all reactions are subject to catalysis to more-or-less the same extent. Because the 
extent of catalysis is measured by the exchange current density, and because the exchange current 
density is largely determined by direct or indirect quantum mechanical tunnelling of charge carriers 
across the passive film, the structure and properties of the oxide films that form on the steel surface 
ultimately play the key role in determining the effectiveness of HWC. Likewise, both theory and 
experiment have demonstrated that inhibition (“negative catalysis”) of the redox reactions that occur at 
the steel surface, and which involve electro active species formed by the radiolysis of water in the 
reactor core, is also be an effective means of displacing the corrosion potential in the negative 
direction and hence of mitigating IGSCC. The origin of this effect is again electrochemical in nature, 
but it has the considerable advantage that no hydrogen needs to be added to the coolant.  Between the 
extremes of catalysis and inhibition, there exists a spectrum of opportunities in which specific 
reactions are catalyzed while others are inhibited in the same system.   
 
6. I. Pirvan (INR, Romania) “Overview of Romanian program to investigate corrosion of CANDU-6 

primary heat transport (PHT) structural materials” 
 
I. Pirvan introduced the chemical control and monitoring of corrosion program which has been 
developed at Cernavoda NPP Unit #1 to assure a minimal degradation of structural materials by fluid 
contact and to achieve or exceed the design life of the plant. The aggressiveness of water Primary Heat 
Transport System (PHTS) is reduced by controlling dissolved oxygen content, pH, radioactive crud 
and fission products. An Autoclave System has been used to assist in monitoring and optimisation of 
chemistry control and give warning if serious corrosion and/or activity transport conditions exist. The 
corrosion analysis of the coupons from PHTS autoclaves has been performed after different stages 
during commissioning (Hot Conditioning, Hot Performance and Loss of Class IV test) and after 
different exposure times in normal operation (197,375,568 and 825 days). The data concerning the 
characterisation and the corrosion analysis of the coupons were stocked in “CNE Corozi Test” 
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database. The analysis of the coupons after different exposure times in autoclaves allowed us to 
determine the corrosion rate, the thickness of oxide films, the deposition and releasing of corrosion 
products as well as the specific activity of radio nuclides on different structural materials such as: 
carbon and stainless steel, zirconium alloys (Zircaloy-4 and Zr-2.5%Nb) and nickel alloy (Incoloy-
800). 
 
7. V. Kritsky (VNIPIET, Russian Federation) “Equipment for measurement of corrosion potential in 

the primary circuit of LAES, Unit 3” 
 
For better understanding the influence of water chemistry upon IGSCC in RBMK-1000 units has been 
initiated to measure and evaluate ECP and water chemistry at unit 3 LAES. V. Kritsky gave the latest 
results. Three in pipe electrodes are connected to the sampling line from the drum separator. A 
hydrogen, oxygen and conductivity measuring loop was installed after cooler and depressor valve in 
electrodes pipe. Measurements of ECP and water chemistry have been initiated at LAES unit 3. Data 
from the measurements are now being obtained and evaluated. 
 
8. A. Arkhipenko (NNEGC “Energoatom”, Ukraine) “Activity of NNEGC “ENERGOATOM” on the 

organization and improvement of the chemical control in Ukrainian NPPs” 
 
In this presentation, the current situation in Ukraine NPP was given by A. Arkhipenko. Now in 
Ukraine there are 4 NPPs having 11 units with WWER-1000 type reactors and 2 units with WWER - 
440 type reactors in operation. State of the chemical technologies of NPPs essentially influents on unit 
operating resource. NNEGK "Energoatom" activity regarding perfection of chemical technologies has 
been directed on following topics: to develop chemistry specification and programs, to control the 
chemistry specification, to introduce new instrumentation and methods of the on-line and laboratory 
instrumentation and to increase of operation culture. Now WCR on the Ukrainian NPPs is organised 
and supervised according to the normative documents and also under programs on trial operation 
morpholine WCR the second circuit.  
 
 
Summary of Session II 

 
The session consisted of 8 papers dealing with in-line water chemistry measurements such as high 
temperature ECP, pHT and conductivity at operating power plants. The recontamination of the primary 
circuit surfaces in the steam generator was followed in Hungary by on-line gamma spectrometer at 
different SG locations and some preliminary current/voltage noise measurements were performed in 
India to qualify the technique for identification of crack initiation. In several presentations was shown 
the value of introducing corrosion coupons into the primary coolant in assessing the differences in 
material oxidation behaviour in high temperature water. Two authors approach the optimisation of the 
primary coolant chemistry by introducing updated operational pH limits and by addressing the 
importance to understand the phenomena behind such corrosion problems as intergranular stress 
corrosion cracking. An important issue was raised by one of the authors, namely what is the number of 
the measurements needed for good enough control of coolant chemistry during the different phases of 
the fuel cycle.  
 
Even though all of the papers were really interesting, they have only a little use for daily operation in 
plants. The results presented in the numerous papers may be readily used by experts as tools to 
understand how plant components behave under given water chemistry conditions. However the 
experiences gained in laboratory tests and campaigns at plants should not be lost, but incorporated 
somehow to existing data collecting and diagnostic systems. Only this way the information can be 
indirectly utilised in such a manner by operators, which may lead to longer lifetime of the plant 
components. 
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In the area of water chemistry monitoring and control, the relevant question that needs to be answered 
is the following: The amount instrumentation needed in the future? The general consensus was that not 
too much because that would lead to too many data points to be followed and then again not too few, 
because one does not want to compromise the accuracy of the water chemistry control. However, this 
issue will be discussed in more detail in the next meeting. An addition a question was also raised: Are 
there some new monitoring techniques needed to ensure safe operation of the plants (like Li monitor 
being developed at EdF, need for sensor to be used directly in SG crevice)? Again more detailed 
discussion will be carried out during the next workshop. 
 



 

 

 
 

 

 
 

 
 

 
 

ANNEX III 

FULL REPORT ON THE 3rd RESEARCH COORDINATED MEETING 

COORDINATED RESEARCH PROJECT 
ON 

DATA PROCESSING TECHNOLOGIES AND DIAGNOSTICS FOR 
WATER CHEMISTRY AND CORROSION IN NUCLEAR POWER PLANTS 

(DAWAC) 
23-27 AUGUST 2004 – BEIJING, CHINA 

 
 
 
SESSION I: DIAGNOSTIC SYSTEMS FOR WATER CHEMISTRY CONTROL: DEVELOPMENT 

AND PRACTICES  
(CHAIRMAN-Mr. FRANCIS NORDMANN, FRANCE) 

 
Session I consisted of the 10 following papers presented by the underline person: 

1. C. Turner (CRL, Canada) “Steam cycle chemistry control strategies to minimize crevice 
corrosion based on operation within optimum pH-potential zones”; 

2. F. Nordmann (EDF, France) “Optimized monitoring, control and diagnosis for a safe, 
efficient and improved plant operation”; 

3. Smiesko (NPP Bohunice, Slovakia), S. Figedy (NPP Research Institute) “Results of 
continued tests of PEANO module applicability for water chemistry diagnostics”; 

4. N. Delse (EPRI, USA) “A practical view of SMART ChemWorksTM, an online diagnostic 
monitoring system, after 150 plant years of experience”; 

5. P.-O. Andersson (Ringhals AB) and M. Ullberg (Studsvik Nuclear AB, Sweden) “The 
Steam Cycle Calculator-Computer-aided monitoring of the secondary side chemistry in 
Ringhals PWRs”; 

6. S. Uchida, H. Takiguchi and K. Ishigure (Tohoku Univ., Japan) “Water chemistry data 
acquisition, processing, evaluation and diagnostic systems in LWRs-future improvement of 
plant reliability and safety”; 

7. S.V.Narasimhan, H. Subramanian, M.P. Srinivasan, S. Rangarajan, S. Velmuragan (BARC 
Facilities, India) “Expert System for water chemistry monitoring in PHWRs”; 

8. Pirvan, M. Mihalache, G. Savu (Institute for Nuclear Research, Romania) “Development of 
information system for water chemistry and corrosion assessment in primary circuit of 
CANDU-6 reactor”; 

9. V.G. Kritsky (VNIPET, Russian federation) “The data evaluation and diagnostic systems 
for water chemistry in NPPs”; 

10. P. Zeh (Framatome-ANP, Germany) “Fuel failure estimation from coolant activity and its 
possibility to implement in diagnostic systems”. 

Summary of the presentations: 

1. C. Turner (CRL, Canada) “Steam cycle chemistry control strategies to minimize crevice corrosion 
based on operation within optimum pH-potential zones” 

Chemistry control strategies for the steam cycle are designed to minimize steam generator (SG) tube 
degradation by a localized crevice or under-deposit corrosion mechanism, such as pitting, 
intergranular attack or stress corrosion cracking, thus protecting one of the critical assets of nuclear 
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power plants of the pressurized-water reactor design. Chemistry-control strategies based on high-
hydrazine, ALARA (as low as reasonably achievable) impurity concentrations and molar ratio control 
to maintain neutral to mildly alkaline crevices, amongst others, have been practiced to minimize the 
degradation of SG tubes.  An alternative strategy is proposed here based on maintaining the SG tube 
within a prescribed optimum pH-potential zone where the SG tube is protected against pitting and 
inter-granular attack.  The optimum pH-potential zones are determined experimentally by 
electrochemical methods using SG tubes immersed in simulated crevice solutions covering a range of 
pH-values and operating temperatures representing layup, start-up/shutdown and normal operation. 
The impact of specific impurities, such as silica and lead, on the optimum pH-potential zone can be 
investigated by varying the concentration of these impurities in the crevice solution. This strategy 
shifts the emphasis from meeting specific limits for individual chemistry parameters to controlling on 
crevice chemistry.  The strategy, however, requires monitoring of a range of chemistry parameters 
affecting crevice chemistry, as well as the means to predict crevice chemistry from the measured 
parameters. Application of this strategy will be illustrated with several practical examples.  
Preliminary results from a test program to validate a code to predict crevice chemistry from on-line 
chemistry data to permit the application of this strategy to plant operation is also described.  

2. F. Nordmann (EDF, France) “Optimized monitoring, control and diagnosis for a safe, efficient and 
improved plant operation” 

Based on discussions and presentations at previous DAWAC meetings, the rationale for the following 
objectives is explained: 
 
• The need for a limited number of chemical parameters associated with an on-line monitoring 

and immediate corrective action if some values are exceeded (e.g. sodium at steam generator 
blow down); 

• The need to regularly evaluate the limit values, according to operation feedback (which 
generally induces more restrictive limits when a problem occurs) and materials and design 
modification (which should be taken into account to release the drastic limits, once the 
problem has been properly handled and solved); 

• The need for data processing associated to the above control parameters; 
• The need for diagnosis evaluation on long term trend of plant chemistry adequacy (e.g. hide 

out return measurements for chemistry evaluation in specific locations of the steam generator 
where corrosion may occur, redox potential in some systems) or associated tools (codes for pH 
calculation at high temperature); 

• The need for operating data or specific data from experiments and tests which will be the base 
for research and development in order to improve future plant operation; 

• The need to manually analyze other parameters which are important for safety, materials 
behavior, or dosimetry limitation, and which are not on-line monitored, only due to the fact 
that on-line monitors do not exist, meaning it would be useful to have the industry trying to 
develop them (eg chloride, lithium for the primary coolant); 

• The need to have available tools related to data processing in order to have the experts, in 
charge of Nuclear Power Plants chemistry evaluation, able to draw a reliable conclusion and 
recommendation. These data may be related to any of the above needs. 

 
Thus, there are two main categories of needs for data processing, which are proposed and described: 
(i) immediate decision for a safe and correct plant operation (ii) diagnosis evaluation for a proper long-
term operation. This includes a permanent improvement of the plant performances in term of sufficient 
safety, and as low as reasonable dose rates and releases to the environment. Cost limitation is 
obviously taken into account in the balance. 



 
Page 3 

 

 
 
 

 
 

3. I. Smiesko (NPP Bohunice, Slovakia), S. Figedy (NPP Research Institute) “Results of continued 
tests of PEANO module applicability for water chemistry diagnostics” 

The experience gained from PEANO implementation to the chemical parameters validation during the 
last year is as follows:  
 
The performance of PEANO was very good in the situations quite close to those encountered in the 
training data. This outcome is obvious due to two reasons: 
 

• The neural networks “could have seen” very similar data in the training phase, 
• The neural networks are a universal approximator.  

 
In the situations dissimilar to the training ones, the signal reconstruction depended strongly on the 
topology of the networks. Too many hidden neurons resulted in the over fitting when the networks 
were unable to capture the general trends in the data. The recommended size of the three hidden layers 
was 9 - 3 - 9 neurons and 10 inputs and outputs.  The time delay included in the neural networks input 
did not play any significant role. It corresponded to the FFT analysis, which did not show any distinct 
past data influence. It is obvious from the results shown above that it is recommended to partition the 
data into the groups with satisfactory mutual correlation. The case of test with poor correlation is 
caused by prevailing number of almost stable signals with the uncorrelated process noise superposed. 
Yet PEANO system was able to reconstruct satisfactorily these signals except the last two ones that 
were very distinct from the rest ones. In the test with good correlation, the behavior of all signals is 
similar to each other except the two signals. Again, the signal reconstruction was satisfactory. No 
consideration has been done about reliability of used data.  
 
From the up to date experience with PEANO implementation to chemical parameters validation, it can 
be concluded that PEANO module has been capable to capture the mutual dependences in the 
chemical parameters, thus it can be considered as suitable for their validation. Until now, the other 
subgroup of 18 signals from the all 28 ones has not been analyzed yet and it is the plan for the future 
work. To increase the information about the signal behavior, more chemical parameters from SG blow 
down will be added. Also more thoroughly selected training files will be included so as to train the 
PEANO system to possibly all the already occurred “typical” situations in the plant operation. 
4. N. Delse (EPRI, USA) “A practical view of SMART ChemWorksTM, an online diagnostic monitoring 

system, after 150 plant years of experience” 
EPRI’s chemistry diagnostic tools have made significant advancements since the late 1980’s.  
Technology has progressed from stand-alone Fortran-based codes used to calculate the changing 
compositions of aqueous solutions in steam generator crevices (MULTEQ), to Windows-based 
chemistry models of the PWR and BWR steam cycles (Plant Chemistry Simulator 4.0), to complete 
remote online monitoring diagnostic systems (SMART ChemWorks™).  Within the SMART 
ChemWorks™ infrastructure, data transfer over the Internet and methods of storing large volumes of 
data have proven to be robust and reliable.  While dependent on the accuracy of the data provided, the 
ability of the SMART ChemWorks™ to detect early warnings of plant chemistry events is dependable 
and valuable to the plant chemist. 
 
The combination of financial pressures on the electric utility industry in the United States and the 
aging of the skilled workforce is testing the ability of online monitoring diagnostic systems to not only 
monitor chemistry to identify large scale chemistry events, but to aid plant chemistry staff in reducing 
daily work loads and automating more diagnostic tasks.  For example, SMART ChemWorks™ has 
enabled plants to reduce the number of grab samples taken, to reduce the number of theoretical 
calculations used to verify measured data, and is able to identify the need for instrument calibrations 
without the aid of plant personnel. 
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As we move into the future, online monitoring diagnostic systems will continue to improve the safe 
and smooth operation of nuclear power plants.  In addition, they will also be able to significantly 
increase the efficiency of plant chemistry personnel allowing them to focus attention on more vital 
tasks requiring high levels of skill and experience. 
5. P.-O. Andersson (Ringhals AB) and M. Ullberg (Studsvik Nuclear AB, Sweden) “The Steam Cycle 

Calculator-Computer-aided monitoring of the secondary side chemistry in Ringhals PWRs” 
Detailed monitoring of the secondary side chemistry in a PWR using AVT is limited by available 
resources and the number of sampling points. A model can greatly increase the amount of information 
obtained. In some cases, direct monitoring is even impossible due to unavoidable reactions in the 
sampling lines. A model is then vital to monitor the chemistry. An example is oxygen monitoring, 
which is impossible at higher temperatures because of rapid heterogeneous reaction of oxygen with 
hydrazine on the walls of the sampling line. The oxygen level is important, since it affects the 
corrosion of the CS surfaces (some oxygen is beneficial), the level of corrosion products in the feed-
water and, hence, the amount of deposits in the steam generators. At the same time, the oxygen level 
in the steam generators must be kept extremely low. 
 
The Steam Cycle Calculator is a comprehensive computer model based on thermodynamic data for the 
compounds of interest and on chemical engineering models for the equipment. The modelled 
parameters include oxygen, hydrazine, ammonia, acetate and formate, pH, conductivity, and acid 
conductivity. The modelled parameters may be calculated at more than 50 different nodes in the 
turbine plant. 
 
Future development plans include introducing a mixed potential model to describe the reaction of 
oxygen and hydrazine and for calculation of the corrosion potential. 
 
6. S. Uchida, H. Takiguchi and K. Ishigure (Tohoku Univ., Japan) “Water chemistry data acquisition, 

processing, evaluation and diagnostic systems in LWRs-future improvement of plant reliability and 
safety” 

Data acquisition, processing and evaluation systems have been applied in major PWRs and BWRs in 
Japan for reliable and quick data acquisition with saving manpower in plant chemical laboratories and 
smooth and reliable information transfer for chemists to plant operators and supervisors.  Data 
acquisition systems in plants consist of automatic and semi-automatic instruments for chemical 
analyses, e. g., X-ray fluorescence analysis and ion chromatography, while data processing systems 
consist of PC base-sub-systems, e. g., data storage, reliability evaluation, clear display, and document 
preparation for understanding the plant own water chemistry trends. 
 
Evaluation procedures for fuel integrity, shutdown dose rate reduction, and anomaly evaluation of 
water polishing systems have been reported in the previous DAWAC RCM.  More precise evaluation 
procedures on water chemistry data have been required to improve plant reliability and safety.  
Evaluation of structural material behavior in the primary coolant should be supported by theoretical 
model.  Measured water chemistry data often give indirect information to be extended for 
understanding actual conditions in the primary cooling systems. 
 
Crevice water chemistry of steam generators in PWRs and SCC crack tips in BWRs can be understood 
by empirical and theoretical models. Optimal hydrogen water chemistry controls are not only subjects 
in BWRs but also in PWRs. Corrosion conditions of BWRs are determined by hydrogen peroxide 
concentrations, which can be understood by coupling measured oxygen concentrations and estimated 
hydrogen peroxide concentrations with theoretical water radiolysis models.  Corrosion conditions of 
PWRs are also re-evaluated by the same approaches as BWRs to avoid surplus hydrogen effects on 
PWSCC.  Coupling of measured data and modeling for advanced evaluations of water chemistry data 
is enthusiastically in progress. 
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Automatic plant diagnostic systems based on artificial intelligence have been applied in only restricted 
area but they will be more popular after having sufficient experience with off line diagnostic systems 
(evaluation systems). 
7. S.V. Narasimhan, H. Subramanian, M.P. Srinivasan, S. Rangarajan, S. Velmuragan (BARC 

Facilities, India) “Expert System for water chemistry monitoring in PHWRs” 
Chemistry management in nuclear reactors is considered to be of direct relevance to the economic and 
efficient functioning of the power plant. This is also true for Indian nuclear power programme, which 
has PHWRs as main NPPs besides a pair of BWRs. There are three critical circuits where the 
chemistry management through expert system can be implemented namely primary heat transport 
system (PHT), moderator system (MS) and steam generator system (SG). In each of these systems at 
least one factor stresses the importance of Expert system namely: Control of radiation field build up in 
PHT, control of radiolytic decomposition of moderator water avoiding the build up of D2 in cover gas 
and the integrity of the SG tubes related to the primary boundary. 
 
The chemical parameters are divided into control and diagnostic parameters. Control parameters are 
related to safety of the reactor, life of the plant and radiation field build up on structural materials. 
Hence, action level concept is introduced which will prescribe not only the kind of action to be 
initiated but also the available duration for the restoration to normalcy. Diagnostic parameters help in 
reliable estimate of the deviations in control parameters. The expert system based on the set of rule 
base established on the correlation of different parameters can help in the diagnosis automatically as 
and when the deviations are happening to the reactor operator in the control room. In addition the 
expert system can partly preempt the function of the station chemist. 
 
One of the important inputs needed for the expert system is on-line acquisition of chemistry 
parameters preferably collected at high temperature. In the present study, parameters like pHT, specific 
conductivity, redox potential and ECP have been measured in simulated condition and satisfactory 
explanations could be provided for the observed variations in these parameters as the chemistry 
excursions took place. 
 
The EXPERT system does not only provide messages upon the excursions of chemical parameters but 
also does internal consistency check. In addition the data can be stored, retrieved, compared with 
several plants in future. Data display in several formats is also possible. Though the package is 
developed for PHWRs, it can also be easily applied to future advanced heavy water reactors and 540 
MWe PHWRs. 
8. S. Pirvan, M. Mihalache, G. Savu (Institute for Nuclear Research, Romania) “Development of 

information system for water chemistry and corrosion assessment in primary circuit of CANDU-6 
reactor” 

Development of this system implies investigation of the structural materials corrosion processes, in 
different conditions of water chemistry and temperature, for understanding of the corrosion 
degradation phenomena that conduct to failure of some components from Primary Heat Transport 
System (PHTS) of CANDU reactor. In this aim, a chemical control of the water and structural 
materials corrosion testing program, as well as a system for data acquisition and processing, were 
established and presented. The chemical control program includes procedures and action limits for 
operation chemistry in normal conditions, during start-up and shutdown. 
 
Major concerns of the water chemistry control in the primary cooling system are: to minimize 
corrosion of equipments and related piping, to control the corrosion rate, impurities concentration and 
fission products and to minimize activity transport and heat transfer surface fouling. 
 
The principal objectives of structural materials corrosion testing program are: 
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• Elaboration of the evaluation methodology of the structural materials corrosion behavior; 
• Development of some data bases regarding corrosion behavior and modeling of the oxidation 

processes; 
• Establishment of the causes that conducted to failure of some components and possible 

remedies. 
 

In this aim, a lot of corrosion experiments were performed: 
 

• Out of pile corrosion experiments in different conditions of water chemistry and temperature, 
• Corrosion experiments in autoclaves assembled in by-pass of CANDU -6 PHTS,  
• Corrosion analyses performed on some corroded components. 

 
For corrosion phenomena analysis and material-environment interaction modeling, on the basis of the 
experimental data obtained in-pile and out of-pile corrosion experiments, on different structural 
materials, a program on computer - GEMXESAN (Gravimetry, Electrochemistry, Metallography, X-
Ray Diffraction, Electronic Spectroscopy Analyses) was developed. This program allows fast and 
efficient information about: 
 
• Corrosion assessment (determination of the corrosion rates, deposition and releasing of the 

corrosion products, characteristics of the corrosive films and specific activity of the radio 
nuclides on different structural materials) after different operation periods; 

• Appearance and the evolution of some accelerated corrosion processes in primary circuit, and 
• Modeling of some oxidation processes. 

 
The corrosion of Zr-2.5%Nb versus temperature and an oxidation model in the 270oC-650oC 
temperature range have been presented. 
9. V.G. Kritsky (VNIPET, Russia) “The data evaluation and diagnostic systems for water chemistry in 

NPPs” 
The chemical and corrosion monitoring system was developed as an open-ended system, which allows 
including additional modules of various computations (filter cycle, unmeasured WCh parameters etc.), 
modules of elementary WCh diagnostics and prediction. The use of expended capacities of the system 
will allow detecting deviations in WCh status of the earliest stages, to find causes of these deviations 
and timely removing these disturbances by means of advices to the operator. It is shown that single 
parameter models can be used to predict intergranular stress corrosion cracking. With this aim the 
empirical dependence between time to cracking of steam generator elements and chloride 
concentration in blow-down water is offered. 
 
Measures on reliability improvement of NPP shall include the following: 
 

- ECP maintenance of water chemistry; 
- Decrease of static and dynamic loads. 

 
Due to physical nature of interrelation of values of all water-chemistry parameters that are under 
regular monitoring, the annual amount of corrosion products of iron in the multiplied forced 
circulation circuit of RBMK can be used as a parameter to evaluate the degree of coolant impurity. 
The correlation between the number (ni) of defective equipment components of the LWR (steam 
separator modules, process channel plugs, fuel assemblies, collective dosages) and the quantity of 
corrosion products of iron (xi), carried into the reactors loops was found. 
 
In making long-term predictions, the system uses algorithms and the exponential smoothing technique 
as it allows assessing parameters of the trend, which define a more general tendency. 
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10. P. Zeh (Framatome-ANP, Germany) “Fuel failure estimation from coolant activity and its 
possibility to implement in diagnostic systems” 

The condition of the fuel during NPP operation is of big interest as in case of fuel failure, the operation 
mode can be influenced and the following outage will be affected. Coolant activity data in 
combination with the corresponding operational parameters deliver the information about the fuel 
conditions during the operation.  
 
The Radiochemistry Laboratory in Erlangen has more than 30 years of experience in the field of such 
fuel failure estimation. Using the fuel failure estimation method, relationships between the activity 
curve of selected fission products in the coolant (PWR, BWR) or in the off-gas (BWR), and the 
occurrence of fuel rod defects during power operation of pressurized water (PWR) and boiling water 
reactors (BWR) can be established. Deduced information of a fuel rod estimation method is the 
number if defective rods, their date of occurrence, burn-up and type of defect. Based on our long-
standing experience, only fission noble gases should be used to determine the date of occurrence of 
fuel rod failures and to estimate the number of defects with a reasonable precision. Especially Xe-133 
and Xe-135 are reliable indicators for fuel rod defects. The release behavior of iodine and cesium 
isotopes as well as Np-239 can give additional information on the size of the defect and the burn-up of 
the defective rod. 
 
The implementation of a fuel failure estimation method in an expert / diagnostic system which is 
capable to indicate the occurrence of defective fuel rod(s), seems to be practicable. The xenon nuclides 
are good indicators, which give in most cases reliable results. The quantity of fission products 
escaping from the defective fuel rod is also a function of the linear heat generation rate. During 
operation, neither the position nor the linear heat rate of the defective rod is known exactly, which 
limits the precision of the fuel failure predictions. To make more detailed estimations about the 
defective fuel rod, not only numeric calculations can be applied but also assumptions have to be taken 
based on plausibility considerations from experience. Therefore an expert / diagnostic system will 
have restrictions in some details, compared to a method handled by experienced experts. 
 
Summary of Session I 
1. C. TURNER. “Steam cycle chemistry control strategies to minimize crevice corrosion based on 

operation within optimum pH-potential zones” 
This presentation focused on the interest to optimize the mitigation of corrosion risk by adjustment of 
chemical conditions, mainly the redox potential (ECP) applied to the steam generator tubing and the 
carbon steel components.  
 
ChemAND (Chemistry Monitoring, diagnostics ANd Analysis) is providing an effective monitoring, 
diagnostic and analysis capability at CANDU nuclear plants. Operation within optimum pH-potential 
(ECP) zones is used to minimize materials degradation of key assets. It provides interface plant data 
with model to predict pH-ECP of locations that cannot be sampled, e.g., SG crevice. 
The ChemAND tool is applied at Gentilly, since January 2002. It has been shown that the stress 
corrosion cracking of carbon steel is increasing with ECP while the Flow Assisted Corrosion (FAC) is 
decreasing. It is considered that FAC may be lowered to zero, if ECP is sufficiently high, even in a 
neutral pH environment.  
 
Lead is increasing the ECP threshold below which, Stress Corrosion Cracking (SCC) may occur thus 
enlarging the risk of SCC in reducing environment.  The objective of the work is to determine the pH 
and ECP condition for optimizing the chemistry in operation. ChemSolv is the model for crevice 
chemistry under validation. 
 
The autoclave tests have shown that anions hide out rate is higher than the rate for cations, which is 
different from what has been observed in French NPP. 
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2. F. NORDMANN. “Optimized monitoring, control and diagnosis for a safe, efficient and improved 

plant operation” 
The presentation reminded the rationale for on-line monitoring and data trending before detailing why 
it is important to update the chemistry specified values according to modified materials and design. An 
example has been described for the key parameter, which has the greatest impact on plant availability: 
steam generator blow down limits. In this case, the growing number of NPP with Alloy 690 (or 800), 
highly resistant to SCC as compared to the decreasing number of units with Alloy 600 MA, highly 
sensitive to SCC, is a reason for considering a relaxation for the SG blow down limits of the units with 
Alloy Inconel 690 TT tubing, adopting limits comparable to those successfully applied in Germany 
and other countries with Alloy Incoloy 800. 
 
Then were commented the various acceptable options for properly achieving the 2 different tasks in a 
plant, related to chemistry: (a) decision on plant chemistry operation and (b) long term evaluation, 
studies and chemistry specification updating. 
3. I. SMIESKO. “Results of continued tests of PEANO module applicability for water chemistry 

diagnostics” 
This presentation gave an update of the good results obtained with the neural network PEANO which 
is able to establish a link between the various chemical parameters.  The Utility is expecting to extend 
the results to data for which there are insufficient data. 
This is not an expert system but an interesting and efficient application to define the data from 
previous results. One of the potential applications may be to identify any failure in on-line monitors.  
This module is an optimized way of identifying the relation between the various chemical parameters, 
allowing the plant chemist to more efficiently evaluate the appropriate data and to easily identify any 
abnormal situation.  
Finally, it was stated that any expert system should not replace the necessity for having an experienced 
chemist able to give his point of view and establish a diagnosis in case of abnormal situation. Such an 
expert is an additional input to neural network technology.  
4. N. DELSE. “A practical view of SMART ChemWorksTM, an online diagnostic monitoring system, 

after 150 plant years of experience” 
This presentation explained the technical support of a comprehensive system for NPP. 
From operating data, the system is able to immediately determine any anomaly in either the 
conditioning treatment or the presence of pollution and thus alerting the plant chemist. This service 
has the main objective of helping the chemists, frequently overloaded, in their routine tasks of data 
trending and verification. It is also a tool for optimizing on-line monitors calibration.  Finally, it allows 
the chemist to focus on the most important tasks where an expert is mandatory instead of using his 
time for routine work. 
 
This service, applied in several US NPPs is an on-line diagnostic system, which can aid the NPP staff 
for a smooth operation of NPP by identifying abnormal chemistry condition in a reliable and timely 
manner and also in helping the plant staff to cope with increasing workloads.  
A discussion took place considering that such a service should not be a reason to eliminate 
experienced chemists, which will remain absolutely necessary in each organization to face specific 
situations. 
5. M. ULLBERG. “The Steam Cycle Calculator-Computer-aided monitoring of the secondary side 

chemistry in Ringhals PWRs” 
This presentation showed the importance of computer aided monitoring for evaluating various 
parameters of large importance for mitigating corrosion of various compounds, while the direct data 
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are not always accessible. The reason for not having the correct data may be an inappropriate sampling 
line, an economical optimization with minimized sampling, an inaccurate data for evaluating a 
corrosion risk. 
 
ChemCalc is a modern tool for calculating the chemistry condition of several parameters allowing to 
optimize the chemistry and mitigating corrosion risks in operating NPPs and also to improve the 
knowledge and data used in models.  
 
Finally, the author considered that ECP measurement is a useful approach, at least in BWR units, since 
oxygen measured values are not reliable enough and not sufficiently representative of the presence or 
absence of a corrosion condition. 
6. S. UCHIDA. “Water chemistry data acquisition, processing, evaluation and diagnostic systems in 

LWRs-future improvement of plant reliability and safety” 
This presentation explained how data acquisition is able to decrease chemist workload and increase 
reliability and safety of NPP operation. The need for Quality Assurance of data has been emphasized. 
Then, more available data are important for improving the various models such as crack propagation 
rate, radiolysis.  
 
The optimization of hydrogen concentration is a key factor for achieving the correct ECP and mitigate 
SCC risk which is increasing if ECP is too low or too high. The hydrogen concentration also has an 
impact on ammonia formation and elimination into the steam, increasing in the same way the 16N 
content through carry over of nitrogen resulting from activation of oxygen contained in water.  
High temperature sensors are presently only used in specific cases but the author consider useful to 
extend their use. 
7. S.V. NARASIMHAN. “Expert System for water chemistry monitoring in PHWRs” 
This presentation was related to the chemistry control in Indian PHWR. There are a limited number of 
on-line monitored parameters since it may be the source of heavy water leaks that must be avoided. 
Consequently, the interest of on-line monitor is focused on specific cases. For example, high 
temperature monitoring of acidic pollution is considered more sensitive than the low temperature 
detection. Similarly, redox potential is considered to be better measured with a single on-line 
instrument than with grab samples of several compounds at room temperature. 
A diagnostic code is under development. 
Finally, the author considers that high temperature on-line monitoring should be used, but this opinion 
is not shared by all the other participants and has been more thoroughly discussed in the general 
conclusion of the meeting. 
8. S. PIRVAN. “Development of information system for water chemistry and corrosion assessment in 

primary circuit of CANDU-6 reactor” 
This presentation explained the importance of the development of an information system for CANDU 
in Romania, where the primary coolant system is containing 14 % of carbon steel components.  
The purpose is to have a data bank containing all the origin of corrosion, the phenomenon which may 
induce it. Based on experimental data, a computer program is analyzing the behavior to corrosion.  
The main recommendation is the control of hydrogen – oxygen content and the absence of chloride 
pollutions. 
 
Finally, the author commented on the importance and difficulties to perform the required R&D 
program in the NPP in order to improve operation and knowledge. This is a common situation within 
many utilities since it is difficult to ask the plant staff to spend time on such tests.  The solution is to 
have the management of the utility ordering the test to be performed by specific persons in charge of 
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the tests, without significant solicitation of the normal chemistry staff and to clearly define what is a 
specific test for a limited period of time (e.g. ECP measurement) and what is normally done during 
normal power operation. 
9. V.G. KRITSKY. “The data evaluation and diagnostic systems for water chemistry in NPPs” 
This presentation explained the evaluation of data and diagnostic system. An important program of 
chemistry and corrosion evaluation has been implemented in order to help the staff in charge of 
chemistry control and maintenance. 
The tool is able to predict, evaluate and thus avoid the risk of corrosion in case of chloride presence by 
establishing the relation between SCC and chloride concentration. 

τ SCC = τ 0+ α / Cl 
where: 

• τ - time to destruction by SCC (stress corrosion cracking), 
• τ 0 = 2000 ± 600 hours, 
• α = 4 ± 0.6 hour x g/h, 

Cl = chloride content in g/h. 
This interesting diagnosis model allows determining the residual time of potential operation before 
failure, to predict the risk and to determine the situation of abnormal operation and the appropriate 
corrective action to be applied, if necessary.  
10. P. ZEH. “Fuel failure estimation from coolant activity and its possibility to implement in 

diagnostic systems” 
This presentation focused on the method to evaluate fuel failure during operation. 
 
It is necessary to be able to detect a defect occurrence, to define the number of failed fuel rods, the 
corresponding burn up and the type of defect, based on isotopes analysis of fission products such as 
xenon, krypton, caesium, neptunium.  
 
The author gave his own point of view on the benefit and potentialities of the developed code. The 
large organization and Utilities all have developed a code for such evaluations to be used in case of 
fuel failure or defect. 
 
However, it has been recognized that such a code, albeit absolutely necessary, should not be used 
without the supervision of a trained expert who is able to validate and evaluate the result given by the 
code, since in some cases, the situation is not always clear and the code will not replace the 
experience.  The model is only a useful tool for the expert in order to increase his efficiency. 
 
 
SESSION II: METHODS OF ON-LINE WATER CHEMISTRY MONITORING AND CONTROL  

(CHAIRMAN-Mr. KARI MAKELA, FINLAND) 
 
Session II consisted of the following 7 papers: 
 

1. M. Zmitko (NRI,Czech Republic) "Effect of preconditioning and primary water chemistry  
on radioactivity buildup in Temelin NPP"; 

2. I. Dobrevsky (INRNE, Bulgaria) “Hide-out return and hide-out in Kozloduy NPP-VVER-
1000 steam generators by transient conditions during operation periods”; 

3. J. Schunk (Paks NPP, Hungary) “Measurement of surface contamination of 
uranium/transuranium on fuel assemblies, spectrometry measurements on steam-generators 
and ion exchanger column”; 

4. K. Makela (VTT, Finland) “Fe content in the feed water for the steam generators”; 
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5. Ye Yiming (CIAE, China) “On-line monitoring electrochemical noise on pitting corrosion 
and stress corrosion of 316 stainless steel”; 

6. D. Macdonald (PSU, USA) “Modelling the chemistry and electrochemistry of the primary 
coolant in Pressurised Water Reactors”; 

7. A. Arkhipenko (NNEGC “Energoatom”, Ukraine) “Improvement of the water chemistry 
regime (WCR) and WCR control systems at the Ukrainian NPPs”. 

Summary of the presentations 
 
1. M. Zmitko (NRI,Czech Republic) "Effect of preconditioning and primary water chemistry on 

radioactivity buildup in Temelin NPP" 
 
Operational experience of Temelín NPP units of VVER-1000, operated in the Czech Republic, in the 
field of the primary water chemistry, and radioactivity transport and build-up will be presented. In the 
Temelín units, a surface preconditioning (passivation) procedure has been applied during hot 
functional tests. The main principles of the controlled primary water chemistry applied during the hot 
functional tests are reviewed and importance of the water chemistry, technological and other relevant 
parameters is stressed regarding to the quality of the passive layer formed on the primary system 
surfaces. The first operational experience obtained in the course of beginning of these units operation 
will be presented mainly with respect to the primary water chemistry, dose rate levels, corrosion 
products coolant activities (in soluble and insoluble forms) and surface activities. An effect of the 
initial passivation performed during hot functional tests and the primary water chemistry on corrosion 
products radioactivity level and radiation situation will be discussed. 
 
2. I. Dobrevsky (INRNE, Bulgaria) “Hide-out return and hide-out in Kozloduy NPP-VVER-1000 

steam generators by transient conditions during operation periods” 
 
It is generally known that concentrations of definite salts (ions) in the steam generators water 
considerably decrease by start-up operation (Hide–out effect) and by shut–down, they increase again 
(Hide-out return). The experience of Kozloduy NPP VVER-1000 shows that also by transient 
conditions during operation periods, both Hide-out return and Hide-out effects are observed. By power 
changes with more of 20 % Hideout return in steam generator blow-down definitely take place. The 
concentration measurement data obtained in steam generator blow-down water by these transition 
conditions are not in contradiction to the generally Hide-out return trends at shut-down. However 
some features were made out: Mg2+ ions concentration increase with Unit’s power decreasing, and the 
maximum concentration’s values are achieved exactly by the maximum of the power decrease (this is 
the reason the Mg2+ ions concentration change to be treated as the best indicator of the Hide-out return 
and Hide-out effects by transient conditions); Ca2+ and  SO2-

4  ions behaviour generally follow the 
trend showed by Mg2+  ions;the changes in power during transition conditions are always accompanied 
by a change of Na+  and Cl- ions, but often this change is in reverse order: by power decreasing the 
concentrations of Na+  and Cl- decrease and by the next increasing of the power the concentrations of 
these ions increase.  
3. J. Schunk (Paks NPP, Hungary) “Measurement of surface contamination of uranium/transuranium 

on fuel assemblies, spectrometry measurements on steam-generators and ion exchanger column” 
The paper discusses the determination of surface contamination of uranium/transuranium nuclides on 
fuel assemblies in refuelling ponds is given by using the following steps: determination of correlation 
between alpha and gamma activity components, measurement of surface activity values, determination 
of uranium/transuranium surface concentration and methodic extrapolation for other surfaces. In 
addition we will show results of gamma-spectrometry measurements of SG3 and SG5 (reference SG4) 
at Unit 2 and of gamma-spectrometry measurement of ion exchanger column. 
4. K. Makela (VTT, Finland) “Fe content in the feed water for the steam generators”  
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Dissolved ionic species which increase the corrosion potential (ECP) of the construction materials 
may enhance the risk of localised corrosion occurring in steam generator (SG) components in 
pressurized water reactors (PWR). Aggressive anions like chlorides, sulphates and fluorides in the 
secondary side water may increase the risk of detrimental corrosion reactions. These ionic impurity 
ingresses can be produced by a major leakage of ion exchange resins into the secondary side water or 
by in-leakage of cooling water into the system. If Fe-rich large deposits (sludge piles) are formed in 
the steam generator, the enrichment of different impurities in these regions of restricted flow may 
occur and form locally aggressive environments which have been found to lead to inter-granular attack 
in connection to stress corrosion cracking of the steam generator tubes. Within these sludge piles pH 
of the water may also change significantly. The magnitude of the changes largely depends on the type 
of the impurity ingress into the secondary side. The work described in this paper is part of a larger 
project, which has been started in order to understand the role of the solubility of iron oxides in the 
formation of harmful deposits in steam generators.  

5. Ye Yiming (CIAE, China) “On-line monitoring of the electrochemical noise on localized corrosion” 
Electrochemical noise is unique among all electrochemical techniques used in corrosion research, for 
there’s no external signal that needs to be applied for the collection of experimental data, and it 
includes potential noise and current noise. Recent years there has been some research work about on–
line monitoring the electrochemical noise in China. The electrochemical current noise was monitored 
during the processes of pitting corrosion and stress corrosion cracking (SCC). The specimen material 
of pitting corrosion is a 316 stainless steel stick. The cross section of the stick was immersed in the test 
solution of 3.5% sodium chloride at room temperature, the remainder of the test specimen is sealed 
with epoxy resin to avoid the entry of the test solution. The specimen material in SCC tests carried out 
in boiling 42% magnesium chloride at 143Co was a 316 stainless steel stick with diameter Φ=0.8mm, 
which was bent to “U” of 8.0mm radius. The bent part of the test specimen was immersed in the 
solution, the remainder was masked with a Teflon belt to avoid the entry of test aqueous solution. The 
test cell is placed in a box to shield from outside electrical magnetic interference. The counting 
electrode is a cylindrical piece of platinum too. The specimen material of SCC in 5 mg/kg chloride ion 
(Cl-) at 260 oC is a single tensile with 20mm gauge of 316Ti stainless steel with cross section 3×4mm. 
The test specimen is cut into 2mm depth trough in middle of the gauge. The trough part contacts test 
aqueous solution, and the remainder is sealed with a Teflon belt to avoid the entry of test aqueous 
solution too. The specimen is insulated with zirconia’s ceramics from the tensile pole of the test 
assemble, and the whole apparatus is in touch with ground to sheild from outside electrical magnetic 
interference. The counting electrode is a cylindrical piece of stainless steels. When pitting corrosion 
and SCC occurred, the electrochemical noise was measured as a dense wave, and the signal was very 
strong. 
 
6. D. Macdonald (PSU, USA) “Modelling the chemistry and electrochemistry of the primary coolant 

in Pressurised Water Reactors” 
 
Corrosion is a major cause of unscheduled down time in the nuclear power industry, with losses of up 
to $3 million per day being incurred for a large (1000 MW) unit. The forms of corrosion that are 
experienced range from wastage and flow-assisted corrosion to pitting attack, stress corrosion 
cracking, nodular attack (on Zircaloy fuel cladding), hydrogen-assisted cracking (HIC), and corrosion 
fatigue.  Each of these processes has an associated critical electrochemical potential (Ecrit), below or 
above which the phenomenon occurs. For example, HIC in Alloy 600 in PWR steam generators occurs 
at corrosion potentials (ECPs) that are more negative than the critical value, whereas IGSCC (Inter-
granular Stress Corrosion Cracking) of sensitized Type 304 SS occurs only at potentials that are more 
positive than the critical value. Clearly, if the ECP and the critical potentials for the onset of various 
forms of damage are known throughout the heat transport circuit (HTC), the chemistry of the system 
may be engineered so as to avoid many of the more deleterious forms of corrosion. However, the heat 
transport circuits of nuclear power reactors are extraordinarily harsh hydrothermal and radiochemical 
environments, due to the high operating temperatures [up to 340 oC for Pressurized Water Reactors 



 
Page 13 

 

 
 
 

 
 

(PWRs) and 288 oC for Boiling Water Reactors (BWRs)] and the presence of intense radiation fields 
in the core, so that even the simplest electrochemical measurements (e.g., measurement of ECP) are 
difficult, if not impossible, to perform. As an alternative to direct measurement of ECP, we have 
developed a variety of radiolysis/electrochemical/damage models that can be used to predict with 
remarkable accuracy the ECP around the entire HTC, if the thermal hydraulic properties of the system 
are known. 
 
In previous DAWAC meetings, we have reported on our extensive efforts to model the primary 
coolant chemistry and electrochemistry of Boiling Water Reactors (BWRs) with the goal of specifying 
the electrochemical conditions that must be achieved in order to avoid (or at least mitigate) 
Intergranular Stress Corrosion Cracking (IGSCC) in sensitized, in-vessel Type 304 SS components 
and in the recirculation piping system. The primary codes used for modeling BWR primary coolant 
circuits are DAMAGE-PREDICTOR (external recirculation pumps, state points only), ALERT 
(external recirculation pumps, accumulated damage over reactor operating cycles), and REMAIN 
(internal recirculation pumps, accumulated damage over reactor operating cycles). These codes yield 
predictions of ECP (corrosion potential), crack growth rate, and accumulated damage that are in 
excellent agreement with experiment or plant observation, whenever comparison can be made.  In this 
paper, we extend these studies to Pressurized Water Reactors (PWRs), with the primary goal of 
defining the ECP as a function of the operating conditions of the reactor. The very high hydrogen 
concentration displaces the ECP of the non-boiling core to values that are much more negative than 
those in the core of a BWR, despite the fact that the radiation fields are much higher in the former than 
in the latter. In those regions of the core where the dose rate is relatively low (e.g., bypass grid, 
Section 7), the ECP is predicted to be dominated by the hydrogen electrode reaction, yielding a 
potential of about -0.75 Vshe. However, in those regions that are subject to much higher dose rates, the 
ECP is predicted to be significantly more positive, due to the production of oxidizing radiolysis 
products, including O2, H2O2, OH, and O2

-, in spite of the large concentration of dissolve hydrogen 
that is added to the coolant to “suppress radiolysis”. 
 
7. A. Arkhipenko (NNEGC “Energoatom”, Ukraine) “Improvement of the water chemistry regime 

(WCR) and WCR control systems at the Ukrainian NPPs” 
 
Now in Ukraine 4 NPPs with 11 units of VVER-1000 type reactor and 2 VVER-440 are in operation, 
having the total installed capacity of 11835 MW(e), which corresponds to 22.7% of electricity 
generating capacities in the country and provide 51% of electricity producing in 2003. Additionally 
two VVER-1000 type units are under final stage of construction and its commissioning is expected in 
2004. At Unit 2 of KhNPP the elaboration and implementation of chemical specifications and plans 
for modernisation of the chemical control systems was carried out during 2003-2004. Ukrainian NPPs 
testifies that complex approach to introduction of new chemical technologies, diagnostics of water 
chemistry and corrosion control leads to the upgrading of safety and reliability levels of NPPs. This 
work was executed for the second circuit and gave such results: concentration of the dissolved oxygen 
in condensate has been diminished from 30-35ppb to 2-10 ppb, concentration of iron oxides in the 
feed water of SGs has been diminished, the amount of contaminations in SGs has been diminished, the 
pH rate of blowdown water of SGs has been increased and the positive tendency of diminishment of 
SGs heat exchange tube defects have been achieved. 
 
Summary of Session II 
 
The session consisted of 6 papers dealing with on-line and in-line water chemistry as well as 
radioactivity measurements, optimisation of the primary coolant chemistry by introducing updated 
operational pH limits and by addressing the importance to understand the phenomena behind such 
corrosion problems as intergranular stress corrosion cracking. 
Mr. Zmitko: Results demonstrated that controlled water chemistry is efficient way in obtaining oxide 
films, which do not incorporate high amounts of activity and keep the general corrosion rates bow 
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during hot functional testing and later on in plant lifetime. In his presentation special attention was 
also put on proper utilisation of purification system during the hot functional test period. 
Mr. Dobrevski: Behaviour of most of the ions during the transient conditions followed generally 
observed trends. Only Na+ ion concentrations in the blow down water of Unit 5 steam generators at 
Kozloduy NPP seemed abnormal and extensive discussion was carried out of the results without a 
clear conclusion. 
Mr. Schunk: The work was carried out to fulfil the requirements of the tasks necessary for the restart 
project of Block 2 at Paks NPP. Radioactivity measurements were performed to search for fissile 
materials and to detect radioactive elements. The measurements were carried out in-situ, non-
destructively where possible. Some parts of certain components were removed to verify in the 
laboratory conditions the accuracy of the plant measurements. The outcome of the project is that Block 
2 is now in full power. 
Mr. Makela: The indicated that the iron content in the feed water increases as the water passes through 
the secondary side loop system. After the condensate demineralisation plant the values are lowest and 
the highest Fe contents are measured in the steam generator blow down water. Since the values 
between condensate polishing plant and feed water tank do not change significantly, one should focus 
in the conditions from the feed water tank to high-pressure pre-heaters. One possible way to further 
reduce the release of iron from piping surfaces is to increase the pH of the feed water. Thus the role of 
hydrazine in reducing the iron dissolution rates needs to be looked into.  
Mr. Yiming: On-line monitoring of electrochemical current/potential noise during pitting corrosion 
and during slow strain rate tests (SSRT) showed clear indications of pit initiation and growth. 
However during SSRT tests it is very likely that not all measured signals originated from the crack tip. 
It is quite possible to have current peaks due to the oxide film rupture in some other parts of the 
surface. 
Mr. Macdonald: Did not give a presentation. His paper will be attached to the final report of this 
working party. 
Mr. Arkhipenko: Extensive programs on optimising the chemistry control have resulted in a clear 
decrease of Fe input to SGs, reduction in the number of plugged tubes and a clear decrease in amount 
of Fe oxides removed from SGs during chemical cleaning campaigns. An interesting discussion was 
carried out about the factors resulting in the observed improvements in water chemistry. Most likely it 
is impossible to pinpoint one single factor which has mainly contributed to the observed good results.  
General comments 
 
The papers presented in the Session II have only a little use for daily operation in plants. However the 
experiences gained in laboratory tests and during some special research campaigns at plants should not 
be lost. Like during the previous workshop the participants emphasized that enough data measurement 
points should be followed on daily basis not to compromise the accuracy of the water chemistry 
control. However no clear conclusion was withdrawn if there are some new monitoring techniques 
needed to ensure safe operation of the plants. These issues should be addressed by chapter leaders 
before the final report of this CRP is finalised.  
 
 
 
PANEL DISCUSSION OF SESSIONS I AND II (CHAIRMAN – Mr. F. NORDMANN) 
 
The key points have been highlighted at the end of this 3rd DAWAC meeting  
 
1. Insufficient correct updating of chemistry specifications  
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It appeared from the diagram reported in conclusion at the end of the 2nd DAWAC meeting report, that 
after the 1st step (Plant data collection and history, future data, operational diagnosis), the 2nd step 
(research, data analyses, experiments, models validation), the 3rd step is more and more insufficient. It 
corresponds to the need for updating the chemistry specification based on high level expert with 
enough background to take into account materials and design evolution, plant experience feedback, 
R&D laboratory results and models, international data.  
 
2. Limitation of use of expert systems 
It is recognized that if expert systems may be of great help for some chemists, particularly young and 
overloaded ones, they may not replace the need for experienced chemists able to evaluative the origin 
of specific situations and take the appropriate decision of corrective action.  
 
It seems that there is rather an increasing lack of high-level experts than of expert systems. 
The expert systems will be used either for diagnosis or as an additional tool for data handling (see § 4 
below).  
 
3. Various potential organizations 
 
The need to handle the 2 types of tasks:  

• Decision on plant chemistry operation, and 
• Long term evaluation, studies and chemistry specification updating, 

may rely on various potential organizations which should properly answer to these two tasks. 
 
The expert systems or external help may contribute to decrease the load of the plant chemist for (a) 
tasks in most frequent cases but not in all the unexpected situations.  The R&D people, the models and 
plant tests may contribute to tasks (b) for which the experts may be located in a central organization, 
particularly for large utilities. 
 
4. Need for data handling 
 
The need for on-line monitors for the important parameters associated with efficient data storage and 
trending is completely agreed by all the participants.  It is not any more suitable not to have such 
systems.  
Several participants considered that there are many data but not always properly evaluated.  
Thus, if during a plant test of R&D, a huge number of data has to be gathered, for normal plant 
operation, it seems advisable to focus on the number of necessary parameters and correctly analyzing 
their results for taking the correct action, when necessary.  Additional data may be stored for a future 
potential need if this is not detrimental for gathering and evaluating those data that are of utmost 
importance.  
 
5. High temperature on-line monitoring 
 
The need for low temperature on-line monitors (sodium, conductivity…) for the important parameters 
associated with efficient data storage and trending is completely agreed by all the participants. It is not 
any more acceptable not to have such systems. 
But the need for sophisticated high temperature on-line monitors should be only recommended for 
performing R&D or plant test in order to support the (b) work category defined in above point 3. A 
typical example is the ECP which will be used to define the correct ECP value associated to some 
chemical added in the system and thus to define the specified range of the chemical in order to 
mitigate the various potential risks of corrosion for the different materials that are present. 
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Then, the use of such high temperature on-line sensors is considered as a R&D tool, of high 
technology, requiring the presence of a highly experienced expert in this field to appropriately 
interpret the results, which are not compatible with the normal work of a plant chemist. 
 
6. International experience exchange 
 
It has been pointed out that the need for cross checking plant data and experience feedback as well as 
evaluation for updating chemistry treatment and specification requires high level experts who may 
hardly be present in all the utilities for all the considered field of concern.  
Thus, for example, a regular meeting for VVER NPPs chemists may be considered for more 
efficiently improving the chemistry in the various countries. 
 
7. Many thanks to the hosting party CIAE 
 
The IAEA officer Vladimir Onufriev and the session chairman, Francis Nordmann deeply thanked the 
hosting organization, Chinese Institute of Atomic Energy (CIAE) for their great help, their superb 
organization, their warm welcome and their invaluable efficiency. 
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