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ABSTRACT 

Numerous literature deals with the theory and practise of the corrosion processes and 
the activated corrosion products' transport. Corrosion processes influence the availa -
bility of nuclear power plants and activated corrosion products give about 95 - 98 % 
of doses received by the personnel of power plants. It is necessary to control experi -
mentally these data and theories for the conditions of PWRs primary systems. In view of 
experimental possibilities, isothermic measurements in autoclaves and loop experiments 
are possible ways. 
Methods and techniques used for the work were as follows: (a) Method of polarizing re
sistance for continuous remote measuring of momentary speed of uniform corrosion. 
(b) Out-of-pile loop at the temperature 350"C, pressure 19 MPa, circulation 20 kgs/h, 
testing time 1000 h. (c) High temperature electromagnetic filter with classical sole
noid and ball matrix for high pressure filtration tests, (d) High pressure and high tem
perature in-pile water loop with coolant flow rate 10 000 kgs/h, neutron flux in active 
channel 7 x 10 n/cm' x s, 16 MPa, 330'C. <e) Evaluation of experimental results by 
chemical and radiochemical analysis of coolant, corrosion products and corrosion layer 
on surface. 
Results of measurements carried out in loop facilities can be summarized into following 
conclusions: (a) In-pile and out-of-pile loops are suitable means of investigation and 
study of corrosion processes and mass transport in nuclear power plant primary circuit. 
(b) In study transport phenomena in the loop, it is necessary to consider different 
geometrical similarity of the loop and the primary circuit, mainly the ration of irra
diated and non-irradiated surfaces and volumes, (c) In experimental facility simulating 
the WER-type nuclear power plant primary circuit, solid suspended particles with che
mical composition corresponding most frequently to magnetite or nickelous ferrite, 
though with non-stotchiometric composition Me Fe. O., were found, (d) Continuous 
filtration of water by means of electromagnetic filter removing larger particles of 
corrosion products leads to a decrease of radioactivity of the outer epitactic layer 
only. Effect of filtration on the inner topotactic layer is negligible, (e) For further 
work it would be useful to concentrate the effort onto: collecting the experimental da
ta needed for development of analytical model of transport of radioactivity; experimen
tal study of mass transfer on the heat exchanging surfaces. 
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1. INTRODUCTION 

Nuclear power development in the wcrld is based mainly upon water-cooled reactors. At 

nuclear power plants water is used as a reactor coolant. At elevated temperatures water 

is an aggressive substance towards structural materials. It means that reliability of ma

ny systems at nuclear power plants depends much upon water control. It is especially im

portant for primary circuits and fuel cladding. Normally, reliability and safety are 

achieved by using proper cladding and structural materials. In recent years again a gro

wing interest in this problem can be observed. Power reactor experience shows even in 

normal working conditions after certain period of time some undesirable influence in 

fuel element cladding integrity, structural materials integrity and deposition on heat 

transfer surfaces. Migration and transport of irradiation in reactor core corrosion pro

ducts and ather impurities lead to formation of highly radioactive deposits in some 

parts of the primary circuit and to radioactive contamination of primary pipes and equip

ment. This causes difficulties in maintenance and repair. 

Development of advanced water reactor concepts to achieve higher barnup and better fuel 

utilization also requires additional safety measures because of the longer residence 

time of fuel'in reactcrs, higher temperature of the coolant, possibility of nucleate 

boiling, etc. 

In order to evaluate existing experience in chis field the Agency has initiated a Co-or

dinated Research Programme (CRP) on fuel element cladding interaction with water coolant. 

The aims of our research correspond with the CRP. 

2. RESEARCH OBJECTIVES AND SCOPE 

2.1. Scientific background of the project 

The Nuclear Power Reactor exploitation and development depends greatly upon relialibility 

of fuel elements and capability to improve fuel performance 'increased burn-up, longer 

residence time, higher coolant temperature etc.). Of great importance are also measures 

to cut reactor shut-downs between load changes and due to maintenance, mainly through 

reducing contamination products deposited in reactor circuit during operation (continuous 

coolant purification). 

To achieve these objectives it is, among other things, necessary to have a good knowledge 

of the problem of coolant-cladding fuel material interaction in power reactors (mainly 

at a sudden power drop) ae well as of the behaviour and transport of active contaminants 

in the reactor circuit and of technical measures providing for their steady removal out 

of the circuit. 

2.2. Relationship of the objectives to present knowledge 

The proposed work follows the investigation of check-up on and control of the pressuri -

zed reactor water chemistry performed at the Nuclear Research Institute (NRI) and will 

be of help in getting more precise characteristics of coolant purification processes. 

They will also bring a deeper understanding of experimentally obtained knowledge and 

3ata on materials for fuel element Zr cladding and radiation buildup of nuclear power 

stations. 
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in reactor water chemistry is the setting of the optimum range of pH values of reactor 
water, for the operating temperatures. Corrosion rate of the constructional materials and 
corrosion product solubility, as well as corrosion product transport in the primary cir
cuit depend on pH at the operating temperatures. 
Soviet standards for NNER reactor water quality allow that the concentration of the 
alkalizing agent must be dependent on H,BO, concentration. The interdependence between 

7 the concentration of LiOH and H.BO. has been adopted at Biblis nuclear power station, 
and French PWRs (so called coordinated Li - В water chemistry). 
The degree of solubility of corrosion products in PWR coolants at temperature has there
fore been the subject of continuous research over the last two decades. It was recognized 
that the finite solubility of corrosion products in coolant was important factor in PWR 
corrosion product transport phenomena. 
It is established fact that coolant transients which occur under abnormal operating con
ditions in reactor primary circuits give rise to changes in collant-borne corrosion and 
activation products. The initiating factor is either a variation in thermal, chemical, 
physico-chemical or hydrodynamic properties of the bulk coolant. This fact leads to ope
rational transient procedures and the coolant chemistry control at shutdown which which 
minimize the corrosion product- deposition on out-of-core surfaces. 
High temperature (mechanical or magnetic) filtration offers the suitable technology to 
reduce the corrosion product transport. Despite many hopeful1 results from pilot plants 
and loops no full scale electromagnetic or mechanical filter has been established which 
would demonstrate this fact. 

3.2. Coolant cladding interaction and corrosion fuel cladding materials 

Corrosion product deposits and cladding corrosion directly affect the fuel rod perfor
mance. The main reason is the increase of cladding temperature which may result in the 
' perforation of the cladding. 
At present cladding coolant interaction is normally not a performance limit in the 
present power plant irradiation conditions (coolant temperature, heat fluxes and re
sidence time). 
For the future, the present favourable conditions limiting the cladding outer corro
sion will not be maintained. The tendency is to Increase the coolant temperature, the 
assembly residence time (higher burn-up, and even the heat flux. The probability of 
failure of waterside corrosion will therefore be increased. 

3*3. Conclusions and Recomendatlons of IAEA Research meetings 

Over last years, considerable information has been obtained on the in-reactor perfor
mance of power reactor fuel, chemistry and activity build-up through extensive sur -
veillance programs. In general the experience is excellent. However the development 
of advanced fuel designs (e.g. for extended burn up), the foreseen increase of the 
plane rating (e.g. PWR's with a significant amount of nucleate boiling), the prospects 
for new operation modes (e.g. load following) and the efforts to reduce plant activa
tion have to be considered for the future. 
In the next items there are cited conclusion! and recomendatlons closely related to 
our programme of work. 
•peelallsts meeting, Leningrad I9$3i 
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More data are needed on to morphology, the distribution of the diameter and the interra

cial properties of the suspended crud particles as Well as the deposits on fuel rods in 

the actual nuclear plants. 

The release process of the crud particles deposited on Zircaloy fuel rods is as impor

tant as the deposition process. However, we have only very few data on the release pro

cess. More information is needed on this process. 

The studies on transient chemistry, which can influence corrosion, deposition and plant 

activation should be intensified considering future load following operation. 

The collection of a set of data on crud build up, the related specific water chemistry 

and other boundary conditions necessary for compilation of the various crud-models 

would be helpful for further code development. 

It was evident that filtration and ion exchange provide some traps for the uptake both 

soluble and unsoluble corrosion products. Since the primary coolant is at a high tempe

rature, it is desirable to develop and install high temperature filter. As a conside -

rable part of corrosion products is magnetic, particulate adsorption of such products will 

permit the use of magnetic filtration. 

Both the BWR and PWR data presented in this session showed an adequate behaviour of the 

fuel under todays operating conditions. Under those conditions burn-up does not seem to 

be a key factor for crud build-up and corrosion. The unexplained scatter in post-irra

diation data indicates that the data base should be expanded and the coolant characte

ristics properly monitored to achieve a better understanding of the parameters. In this 

respect, measurements on operating reactors can usefully be complemented by more flexi

ble experiments carried out in material testing reactor loops. 

Improving the performance of the sampling conditions and physico-chemical analysis methods 

are important steps in the efforts to collect adequate information p.Liout the quality of 

fluid in nuclear power stations during loading and shut down periods. 

Development of model to predict the build up of radioactivity in primary circuits will 

be necessary to evolve an effective approach for decision making of operation. Widening 

of investigation in this' direction is recomended as an effective are necessary. 

Technical comittee meeting, Cadarache 1985: 

It is of major importance to explore further the parameters that may affect the relation 

between in-piie and out-of-pile oxide growth. 

In particular the effects of: 

- oxide thickness and structure, 

-surface temperature and geometric considerations, 

- crud deposition. 

Insight into the importance of these effects may be derived from interreactor comparisons. 

In detail, experiments are needed to identifity the Hinting parameters for power opera

tions, e.g. correlation between oxide thickness and permissible heat transfer rates, and 

the thermal feedback associated with growth in oxide filme. Further studies are needed 

to establish in-reactor surface temperatures and possible geometry effects (ag. rod-bow) 

which could affect the distribution of surface temperature. The oxide formed ln-pile 

and out-of-pile must be characterized, e.g. for porosity and thermal conductivity. 

In-pile tests can yield useful sorting data on crud/clad interaction effects; tne limi

tation of these for accelerated tests or tests at enhanced concentration needs further 

study /1, 2/. 
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4. BACKGROUND AND THEORY 
4.1. The thermodynamics of water and metal-water systems 

The major area of interest in chemical thermodynamics for water reactor systems is that 
of water-material reactions. Host metals of interest are unstable with respect to water 
and their- utilization in water systems depends on the kinetics of the reactions. Metal 
oxides are the principal products of corrosion reactions in water-cooled nuclear reactors. 
The information on the stability of metals and metals oxides in aqueous systems containing 
oxygen and hydrogen, and thermodynamic and kinetic considerations are necessary to provide 
a reasonable explanation for the existence of various components of corrosion deposits 
in the heat transport systems. 
The prediction of thermodynamic stability involves the determination or calculation of 
standard free energies of formation for various components of the system /3/. 
The free energy of a substance at T. is related to its free energy at T. by equation: 

fT2 GMT2I x G4T,) • JdGMT) til 

The thermodynamic stability of metals and metal oxides in aqueous systems in the pre -
sence of hydrogen are defined by considering the general reaction 

xA • г»2 * yB • zH 20 121 

where A and B a r e oxidized and reduced phases involved, e.g. Fe,o3 and Fe 30,, respecti
vely . 
Then the change in free energy for the revers.4bile process represented by: 

46 - «RT»n|PH2eq»PH2J (31 

where P„ is the partial pressure of hydrogen in the system. Thus, if P„ > P„ H2 H2 H2.eq, 
then *G is negative and the reaction can proceed spontaneously from left to right. 
Similar arguments can be formulated to calculate the effect of oxygen pressure on the 
stability of metal/metal oxide systems. Thus if we represent the oxidation of metal or 
oxide by: 

xA • t02 z yB t*l 

then the change in free energy for the reversibile process represented by the above 
reaction is given by 

до -. z-aTiniP02.fq/P02> 151 

If P > P n *G is negative and reaction (4) proceeds spontaneously from left to 
U2 °2,eq, 

right, i.e. oxide В is thermodynamlcally stable with respect to A. 
The simple arguments outlined above demonstrate that the chemical properties of corro
sion products depend upon the partial pressure of hydrogen and oxygen in the system. 
The thermodynamic arguments predict which processes are possible for a given set of 
conditions. 

4.2. Fluid flow and nr<>8 transfer 
The local conditions of flow and mass transfer are decisive factors in determining the 
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interaction between materials and water. The full appreciation of the detailed mechanisms 
of these processes must be considered in such interactions. 
The distribution of flow channel is significant for consideration of mass transfer 
between the surface and water. In general, it is assumed that a laminar layer exists 
close to the tube wall, followed by a buffer layer which makes a transition to a fully 
turbulent core. Fig. 1 represents diagrammatically the velocity distribution in such a 
boundary layer /4/. This physical picture suggests that the field of flow can be divided 
into two regions: the thin boundary layer near the wall, in which friction must be taken 
into account, and the region outside the boundary layer, where the forces due to friction 
are small and may be neglected. 

0.015-

0,010-

! 

§ 0.005 

transition 

Iv 

1 — 

fully turbulent flew 

relet řve roughness 
-100 

^ 4 * ~ - ~ ^ ^ -400 

^С^^-^-гооо 

smooth ̂ ^ 4 ^ ^ 

1 1 
id3 io* 105 io* io7 

Reynolds number 

Fig. 1. Velocity distribution in the pipe Fig. 2. The dependence of friction factor 
on Reynolds number 

Most pipes and surfaces used in engineering structures cannot be regarded as being hydrau-
lically smooth. The resistance to flow offered by rough walls is larger than that implied 
for smooth walls. Resistance coefficienc depends both on the Reynolds number and on the 
relative roughness. From the physical point of view it must be concluded that the ratio 
of the height of protrusions to the boundary-layer thickness should be the determining 
factor. The phenomenon is expected to depend on the thickness of the laminar sub-layer 6. 
It is clear that roughness will cause no increase in resistance in cases where the protru
sions are so small (or the boundary layer is so thick) that they are all contained within 
the laminar sub-layer, i.e. if к < «* , and the wall may be considered hydraulically 
smooth /5/. 
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Figure 2 shows the friction factor as a function of Reynolds number and surface roughness 
/6. 7/. 

4.3. Electrochemistry of solutions at high temperature 

The ability of water to dissolve large amounts of boric acid (H,BO.) has been exploited 
to effect improvements in the design and performance of PWR. Boric acid, a weak acid at 
25"C, becomes even weaker at higher temperature. Boron concentration in solution is di
stributed between three species: 

undissociated orthoboric acid В(OH). 
monoborate ion В(ОН)7 
triborate ion B303(OH)~ 

This assumption is shown to be applicable to low boron concentrations, and to higher con
centrations of boron, at lower degrees of neutralization. 
The pertinent equilibria are: 

BIOH), 2И20 
«li н3о* BioHi: lei 

3BI0H), «13 н3о B 3O 3IOHI; н2о [71 

Byrnes /6/ has derived a relationship for К., and K.3 as function of temperature. The fol
lowing points are noteworthy: 
(a) Pure water becomes more acidic as the temperature increases. 
(b) The NH3 and strong base solutions in pure water become more acidic at high temperatures, 
and NH- rore than the strong base. 
(c) The boric acid solution with strong base added increases in pH continuously. 
The effect of temperature on boric acid, NH,, strong base solutions pH is shown on the 
picture 3. 

10 
pH 

tec j 

NH. 
10 -4 

Fig. 3. Effect of temperature on pH 
molal strong base, 2 - 10* molal strong base + 1500 ppm в as HJBOJ, 3-11 ppm 

4-11 ppm NH3 • 1500 ppm В at HjB03, 5 - water, б - 1500 ppm В as H3B03> 
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4.4. Behaviour of Fe, C>, Hn, Ag and Sb in water solutions at high temperature 

Behaviour of Pe is characterized mainly by formation of insoluble type of compounds 
Me * Fe,* 0. at high temperature, where lie * can be metal elements (Mn, Co, Fe). Inso
luble the components are not only form, in the high temperature solution there are solu
ble form or colloidal form here also. Ratio.these forms depend on pH, temperature, con
centration of oxygen and etc. 
Behaviour of cobalt and manganese is likewise in the water solution and more usual ionic 
form Is He *, when there is 
system at high temperature. 
The species of silver ir. th 

III V ' 
of antimony are more complicated, there are as Sb so Sb and their hydrolytic beha
viour is not the same. We 
insoluble oxidic species. 

form is He *, when there is possibility of hydrolytic products MeOH*, Me(OH) in this 

The species of silver ir. the solution we may find mainly Ag' and Ag.O. Chemical states 
r hi 

viour is not the same. We may suppose compounds of type (SbOH", Sb.jlOH) ~ etc.) as 

4.5. Corrosion products and their solubility 

Corrosion products in the nuclear power plant primary coolant have their origin in 
structural materials of the plant. As these materials consist of stainless steels, the 
following corrosion products (see Table 1) can be found in the primary coolant, mainly 
in the form of radionuclides: 

Table 1. Principal radionuclides from activation of corrosion products /8/ 

» я ж х я = :е = аяжг = = = гх* = г====гг:гх = = = = 5аж = а * ж ж ж ж я * ж ж ж ж ж ж ж ж * я г » г * « = : = = га:= = = = г = = г=:===хз:;: = = зг = == = = 
Corrosion Nuclear ii*iř life Energy of gamma Material,from 
product reaction vair-.ii re radiation (KeV) which CP 

origins 

Zr 94Zr(n,y)95Zr 65 d 724(757) zirconium cladding 
of fuel elements 

96 97 
Zrln,y) Zr 17-h 743 zirconium cladding 

of fuel elements 
Ni 58Ni(n,p)58Co 71.3 d 811 stainless steel 

Half-l ife 

! S l f S l f t C = ! 

65 

17 

71 

2.! 

27 

45 

5 . 

2 . 

d 

h 

.3 

56 

.8 

d 

26 

58 

d 

h 

d 

У 

h 

64Ni(n,j>)65Ni 2.56 h 1115(366) stainless steei 
Cr 50Cr(n,r)51Cr 27.8 d 320 stainless steel 
Fe 58Fe(n,y/)59Fe 45 d 1099(1292)stainless steel 
Co 59Co(n,y)60Co 5.26 у 1173(1332)steinless steel 
Mn 55Mn(n,r)56Mn 2.58 h 847(1811) steinless steel 

Amounts and forms of corrosion products found in the primary circuits depend on their 
relative share in structural material and mainly on physical and chemical conditions in 
the primary circuit. 
Solubility of material of primary circuits has been most frequently studied in depen
dence on temperature, pH, and concentrations of hydrogen and oxygen. Material? contai
ning iron or ferroferric oxide itself are more easily soluble with increasing concen
tration of hydrogen (Fe(OH) -•&. Fe30.*H-*2H-O), but solubility decreases with increasing 
pH, temperature and concentration of oxygen /9/ 10/, Solubility of nickel is similar 
excluding the effect of oxygen concentration. Higher oxygen concentration leads to 
higher solubility of nickel /11/. Solubility r>f chromí им in degassed solution or solu
tion constaining hydrogen is very low. Dissolved oxygen )s the cause of formation of 
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soluble chromáte ions and, by this way, the high solubility of chromium /13/. Cobalt has 

very low solubility at high temperatures /12/. This is a brief summarization of material, 

published by И.Е.Berry and R.B.Diegle /13/. Unfortunately, neither this work nor any 
other work pays attention to the solubility of Fe-Ni-Co spinels found in the primary 
coolant system and also important for study. Dissolution of structural materials leads 
to compounds, which are found in primary circuit in either dissociated or colloidal forms 
or as solid insoluble particles. Corrosion layer is usually a mixture of spinels such as 
NiFe,ó4. Fe,0, or FeCrjO^. 

4.6. Mechanism of corrosion 

Corrosion products usually present in nuclear power plant primary circuits include magne

tite (Fe,0.) and, in case of increased content of O,, hematite ( oO -Fe,0,). As mentioned 

above, magnetite is hiqhly stable at high temperatures and, when cations Mn , Fe , Co +, 

Ni , Cu , Zn and Cd are present, transition of magnetite into compounds of the type 

Me" (Fe, )0, where Me designates the above mentioned bivalent cations can occur /14/. 

Formation of the so-called inversion ferrites Fe *(Me Fe +) 0 ~ or transient ferrites 

Me. (Fe,* Me *) 0. where the bivalent metal is usually represented by manganese is an 

other possibility. Under the presence of Cr , the substitution Fe —•• Cr with for

mation of chromite can occur /15/. 

Corrosion products mentioned above were found in oxide film on surfaces of nuclear power 

plant primary circuit structural elements. The occurence of particular types of compounds 

depends on momentary conditions. 

Oxide layer usually consists of one or two layers depending on the ci^iditions of exposi

tion. Two layers were found in cases when hydrogen from reaction 3Fe • 4H-0 >Fe,0. + 

• 4H, prefers to diffuse through the oxide layer instead throuah the metal /16, 17/. 
i * 

Lister /18/ suggested the following formation mechanism of these layers: 

(a) the inner layer (usually enriched with Cr) is formed by diffusion through oxide 

film with reaction taking place on the interface of metal and metallic oxide layer; 

(b) the out-er layer (most frequently NiFe-0.) is formed by growth of crystals from the 

solution of ions diffusing through the pores of the inner film and precipitating on the 

water-oxide layer interface. An over-precipitation usually occurs en this interface 

with Fe * ions passing partially into the solution. 

Corrosion rate of metallic materials used in primary circuits is low and falls usually 

in the range from 1 to 10 ̂ im ptr year. Effect of oxygen on the corrosion rate of auste-

nitic steels is low, but significant in case of alloys constaining Cu. 

Effect of temperature on the corrosion rate is maximum in the region around 200*C. At 

lower and medium temperatures (up to approximately 150*0, this effect acts favourably 

in slowing down the corrosion rate with concentrations up to 200 yug 0-/1 /19/. 

Concentration of hydrogen ions affects also the corrosion rate with minimum in the re

gion of pH = (10 - 12). Corrosion process is also affected by the fluid flowrate and 

it is possible to state that corrosion rate would be from 4 to 8 times higher under 

dynamic conditions then under the static conditions. 

The corrosion rate can be decreased by proceeding surface treatment of corroding mate

rial. 
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4.7. Release, transport and deposition of corrosion products 

4.7.1. Release of corrosion products from corrosion layers and deposits 

The following mechanism is usually suggested for the release of corrosion products (CP) 
from corrosion layers: a part of outer corrosion oxide film consisting of two layers is 
not precipitated back into this outer layer, dissolution of iron on the oxide-water in
terface and subsequent precipitation with formation of crystals (Fe • 2 0H~ — » 
FeKMt),-» F*3°4 * H2 * И.0) take place, but in the coolant outside the oxide layer. Du
ring the movement in the coolant, mutual agglomeration of insoluble particles probably 
occur*. 
The release of corrosion products from corrosion layers is affected by pH, temperature 
and pressure, by the kind of alkaline additives in the coolant, heat flux, oxygen con -
centration, chemical or metallurgical treatment of material surface, and redox potential 
of the coolant, 
With increasing pH, the rate of release of corrosion products from corrosion film decre
ases. This rate, however, at the same pH depends on the alkaline additives. Ammonia in
creases this rate in contrast to LiOH and KOH. Increase of temperature and concentre -
tion of oxygen dissolved in the coolant decreases the rate of corrosion product release. 
Corrosion products found in the coolant are released not only from corrosion layers 
but also from deposits on the material surface. The deposits of corrosion products are 
released from the surface usually by pressure or temperature shocks or by dissolution. 
Based on the assumption that this process takes place only with the assistance of disso
lution, the following equation for release of corrosion products from deposits was 
suggested by Burill /20/: 

q ; nIS-OW.oc. (81 

whereoi- specific surface of deposit, n - rate constant of chemical exchange, S - metal
lic ion solubility, С - concentration of metallic ion in the solution, and W - mass of 
deposit on unit surface. 
I must be said that the release of corrosion products from deposits is a complex pro
cess and is affected not only by the above mentioned physical quantities but also by 
pH, surface treatment, concentration of O^in water, and coolant flowrate. The effects 
of the individual variables have not been defined quite precisely so far. 

4.7.2. Transport of corrosion products 

The following transport mechanism of corrosion products in nuclear power plant primary 
circuit is usually suggested: 
(a) metallic ions are released into the coolant from corroding surface, 
(b) particles of oxides are formed in the coolant when the limit of saturation for the 

dissolved metal is exceeded, 
(c) particles are entrained by the primary circuit coolant, 
(d) particles deposit themselves both in the reactor zone and outside of It, 
(e) deposits of corrosion products on fuel elements are irradiated with neutrons, 
(f) during irradiation of the deposit, its dissolution into the coolant with formation 

of radioactive solution takes place, 
(g) dissolved ions are transported by the coolant. 
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(h) radioactive solution diffuses out of the reactor zone through the pores of oxide 
corrosion layer filled by water, and growth of oxide crystals on the corroding surface 
occurs. 

Ratio of ionic and insoluble forms of corrosion products will depend on working conditions 
in the primary circuit. The insoluble particles are the prevailing form of transported 
corrosion products (from 60 to 9в % ) . with the principal portion of transported corrosion 
products being in the region of relatively large particles with sizes from 0.5 to • /im. 

Similarly to the ratio of both forms of corrosion products in primary circuit the consti
tution of corrosion products depends on working conditions. If stainless steel is the 
structural material used, the corrosion products contain at least SO % of Fe and at about 
10 t of Ni. Only very little amounts of chromium are found in corrosion products. 

Nuclear reactor transients (startup and shutdown) represent a pronouncing change in the 
amount of transported corrosion products: up to tenfold increase of the amount of corro
sion products in comparison with the steady corrosion conditions takes р!чсе. 

4.7.3. Deposition of corrosion products 

The deposition of corrosion products occurs at locations of reduction of flow section, 
valves or in region of decrease of fluid flowrate, or all over the places where changes 
of fluid hydrodynamic occur. The deposition takes place also because of changes of 
coolant temperature or during boiling on fuel elements. The deposition leads to reduction 
of heat transfer, decrease of coolant flowrate, errors of control instruments, penetra
tion of radioactivity into that parts of primary circuit which are not protected by 
shielding. 

In aqueous solutions at high temperatures an. pressures the deposition occurs in one 
(or combination) of the two processes: crystallization from the supersaturated solution, 
or adhesion of solid particles on the surface from suspension in the flowing coolant. 
The deposits from crystallization are usually harder and more adhesive then the depo
sits from the coolant, which are usually porous, unstable and only weakly bound to the 
surface. 

The principal role during deposition of suspended particles on the surface is played 
by the surface charge. This charge is created in aqueous solution of metallic oxides 
on their surface by hydration accompanied with dissolution /21/: 

M0Hlsurf) • H2° = M0(suff> • H3°oq !91 

M0H(eurf) . H30* ** M10HJ2 • H20 [101 

Negative charge is a result of acid dissociation from hydrolysis, and positive charge 
results from addition o. proton on the surface. Potential formed by these processes 
is called zeta-potentlal ( ̂  ) and is the difference of potentials of solution and 
strongly adsorbed layer of ioui in He'mholtz double-layer. The zeta-potentiai depends 
on pH in followir.g way: f = К (PZC - pH), where PZC is the point of zero charge. 

The most favourable conditions for deposition of solid particles occur, when th<! sur
faces of particles and the surfaces on which the particles deposit themselves have 
opposite charges. The deposition of solid particles is also affected by pH and heat 
flux. 
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4.3. Magnetic filtration 

High temperature liguid streams can be processed by naqnetic tiltration. A steel packing 
with a canister is magnetized by an external electromagnetic coil. Small particles in the 
coolant stream which are attracted by magnetic fields can be removed by the magnetized 
packing as the coolant posses through tht canister and around the packing. 
Calculation of the magnetic force is in general quite complicated. However for the 
practical purposes, the force can be represented 

FM r IlX,, - X^GRAOIH* Hi И И 
where X and X are susceptibility of a particle and environisent, H is the intenzi-

P e 
ty of magnetic field /22/. 
The importance of this equation I 111 is that it reveals that the magnetic force is pro
portional not only tr. the field strength, H, but also tc the susceptibility of a parti
cle. This fact is crucial to the effective performance of a magnetic filter on weakly 
magnetic substances. 
Filter performance can be expressed by the following form: 

^ = expl-ftl) (12! 
where 1 is the length of the filter bed and /b is a function of the parameters of the 
fi'ter design, the magnetic field, and its gradient, and the particle and fluid physi
cal properties. C# -»nd С are exit and inlet concentrations respectively /23/. 
Host of the corrosion products present in the waters of power generation systems have 
positive magnetic susceptibility and exist as particulates. This fact accounts for the 
effectiveness of magnetic filtration in treating these fluid streams. The corrosion 
products in the primary coolant system are ferrittes of iron, nickel and cobalt. All 
of these compaunds are ferrimagnetic and are easily removed by magnetic filtration. 
The saturation magnetizations at room temperature for same important ferrites are as 
follows: ^, 

Magnetite ÍFe-jÔ ) 92 

Nickel Ferrite »NiFe204) 50 

Cobalt Ferrite <CoFe,0.) 80 
2 4 

Maghemite ( j -Fc203> 74 

From the theoretical evaluation of the forces on a particle in magnetic filter follows 

that with the suitable choice of a matrix is possible to achieve a hifh iradient of 

magnetic field. This gradient is achievable by small geometric dimensions of the m.itrix 

element. 

In flow conditions of a magnetic filter two forces influence the probability of par

ticle capture on the surface of element. First, magnetic force, represented by equita

tion (11) and second, the force of hydrodynamic Лхлп. The latter ts representor! 

where щ is viskosity of liguid. D is diameter of a particle and v is the velocity of 
fluid. Schematic picture of these forces may be seen in Fig. 4. 
The analysis of f-эгс:. to a particle close to the clement of n.itnx is .if the Fig. r>. 
This analysis is made for a infinite filementary matrix bc<:o\i:<" for fall matrix the 
calculation is much mere conplicated. Close to the elem"nt the г?; are ar'-as wh^ro the 
particle is attracted and areas where the partible i:; rep -i ls;ed /22/. 
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Fig. 4. The phenomenon of magne
tisation process 

Fig. 5. Analysis of the elementary 
matrix field of magnetic forces 

5. DESCRIPTION OF EXPERIMENTAL FACILITIES AND METHODICS 

S.I. Out of pile loop 

5.1.1. Description of the loop 

The scheme of the loop is in Fig. 6. The loop comprises two mutually interconnected flow 
autoclaves with volumes of 450 m* each, regulated electrical heating with power of 
1500 W, sensors for measurement of temperature and pressure of the environment, degasing 
valves and a relief valve. The rig operates without a steam or gas bubble, both autoclaves 
are entirely filleč by compressed water environment. The required pressure is obtained by 
means of dilatation cf the liquid during heating and by regulation of the amount of liquid 
in the rig. Natural circulation, caused by heating of autoclaves and cooling of return 
piping leads to flowrate at about 30 1/hr, so that the environment in each autoclave is 
renovated approximately every minute. It is possible to build in a ceramic passage in the 
removable head of each autoclave for outlet of cooled electric signal route /24/. 
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Fig. 6. Schematic diagram of the experimental facility 

5.1.2. Corrosion rate measurement 

Gravimetric measurement of corrosion resistance of pressurized-water nuclear reactor 
structure materials by means of test specimens makes heavy demands on time and effort 
of personnel. Such measurement requires manipulation with radioactivated or contamina
ted objects and yields relatively small amount of information with difficult separation 
of particular effects on the corrosion process, when shorter time intervals are used, 
the relevant changes of weights of the test specimens cannot be precisely measured so 
that the measurement of effects of various short-term transitions in nuclear reactor 
of experimental reactor loop is excluded. 
These problems can be solved by application of remote electro-chemical methods of mea
surement of instantaneous corrosion rate of materials. Such methods are especially 
attractive in nuclear engineering owing to the decrease of personnel irradiation risk 
and shortening of time, needed for accumulation of required set of information. They are 
also advantageous especially for fast classification of the most unfavourable conditions 
of material corrosion. The polarisation resistance method /25, 26/ where stationary 
voltage change of basic corrosion potential, caused by polarization of measuring electro
de made of the tested material by a week direct current, is inversely proportional to 
its instantaneous corrosion rate is the best known of these methods. In Fig.7. a dia
gram of the measurement in the simplest arrangement is ilustrated. In order to be able 
to utilise this method of remote measurement of corrosion processes, it is necessary to 
possess sensors, able to extract the relevant electrical signals from water environment 
with pressures up to 20 MPs and temperatures UP to 350'C. 
The electrode made of the measured material is screwed on the lower end of the passage 
inside of the autoclave. This electrode was weighted before its fixation at the begin
ning of corrosion exposition and then after its removal at the end of exposition, so 
that the calibration constant К in the formula 

K.I,AEK [mm/yj 
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Fig. 7. Schematic diagram of electrical arrangement for 

measuring of corrosion rate by the method of polarization 

resistance 

polarisation 

Fig. 8. Time dependence of corrosion potential change 

for alternating polarization 
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may be found for determination of instantaneous corrosion rate W from measured polari
zing current Ip and the changed E„ of cor-osion potential. The voltage /Л Ек is read 
from the record of compensating miИvoltmeter. Characteristic shape of the record is 
shown in Fig.8. It is advantageous to alternate the direction of the polarizing current 
so that permanent electro-chemical changes of the measuring electrode surface are 
suppressed and the polarization always takes place in the vicinity of the basic corro
sion potential E„. 

5.2. In-pile high pressure reactor loop 
5.2.1. Description of the loop 

The loop RVS-3 comprises a closed pressurized-water circuit with forced circulation and 
has a test section located in the core of the WR-S type reactor, and filtration and 
measuring circuits /24/. The loop is so equipped that it is possible to operate the loop 
with the following nominal parameters: 
allowable overpressure 16.67 HPa, 
working overpressure 15.70 MPa, 
working temperature 350 *C, 
working medium deionized chemically treated water, 
flowrate 10.000 t/hr. 
The diagram of the loop nay be seen an the picture 9 and 10. 
The equipment of the loop enables to carry out experimente in wide range of these ope
rational parameters. In these experiments the following facilities can be used: 
1. Test sections in reactor core and comparative test sections in the main, filtration, 

and measuring circuits; 
2. hot and cold measuring curcuits; 
3. filtration circuit; 
4. sampling of liquid and gaseous samples from all circuits; 
5. dosing equipment; 
6. a possibility to operate only the in-pile circuit with natural circulation, or only 

the in-pile circuit with forced circulation, or all loop with forced, circulation; 
7. delaying vessel; 
8. numerical information and evaluation system. 

All parts of the loop, which are in contact with modified water or qas, were made of 
austenitic stainless steel or were provided with stainless coatinn. Low-pressure pi
ping was partially made of polyethylen. On the parts in contact with medii steels 
following the CSN 17246, 17347, 17241, 17248 and soviet COST 18N10T standards are usprl. 
Pressure conduits have three calibres: 
nominal calibre 40 
nominal calibre 15 
nominal calibre 10 

tube OD 45 mm, thickness 5 mm, 
tube OD 22 mm, thickness 3.5 mm, 
tube OD 14 mm, thickness 2.5 mm. 
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2.3. Relationship of the objectives to IAEA research progr 

IAEA has initiated co-ordinated research programme on the investigation of fuel element 

cladd-ng interaction with water coolant in power reactors. The programs* of activity for 

1986 - 1987 in this CRP is the preparation of the final report. For the future activity 

(1987 - 1991) dealing with water chemistry of power reactor primary circuits and corro -

sion of structural materials it was recommended to continue through the organization of 

the new Coordinated Research Programme entitled: Investigations on Kater Chemistry Control 

and Coolant Interaction with Fuel and Primary Circuit Materials in Water Cooled Power 

Reactors. This programme was discussed at Experts' Group Meeting in Cadarache, October 

1985. 

The research objectives of the project on "In-pile loop experiments in water chemistry 

and corrosion* is fully in the scope of above mentioned programmes. 

2.4. The programme of work 

The programme of work was proposed to meet the following objectives: 

(a) Finalization of in-pile loop with experimental model conditions of the primary cir

cuit of a high power PWR (coolant composition, pressure, temperature, materials); 

(b) Studies of corrosion occurring in the loop made of stainless steel and corrosion of 

specimens inserted inside and outside of the core; 

(c) Studies on corrosion products behaviour in the loop (transport and deposition); 

(d) Studies of removal of corrosion products from the loop by electromagnetic filter; 

(e) Evaluation of corrosion products behaviour and removal from the system; 

(f) Progress report with experimental results. 

Methods and techniques used for the work were as follows: 

(a) Method of polarizing resistance for continuous remote measuring of momentary speed 

of uniform corrosion. 

(b) Out-of-pile loop at the temperature 350'C, pressure 19 MPa, circulation 20 kgs/h, 

testing time 1000 h. 

(c) High temperature electromagnetic filter with classical solenoid and ball matrix 

for high pressure filtration tests. 

(d) High pressure and high temperature in-pile water loop with coolant flow rate 

10 000 kgs/h, neutron flux in active channel 7.10 n/cm'.s, 16 MPa, 330'C. 

(e) Evaluation of experimental results by chemical and radiochemical analysis of coolant, 

corrosion products and corrosion layer on surface. 

3. STATE-OF-THE-ART HATER CHEMISTRY AND CORROSION TECHNOLOGY 

3.1, Corrosion product transport processes in PWRs 

A characteristic feature of PWR coolant water chemistry is tho fact boric acid If added 

to the reactor water. Since boric acid causes a decrease of the pH value of pure water, 

this necessitates the need to use alkalizing agents for pH control. 

Today, all PWR of the soviet WWER-440 type use KOH and NH3 to alkalize the reactor water. 

The other PWRs use Lithium - 7 hydroxide as an alkalizing agent. One of the main problems 
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Fig. 9. Schematic diagram of the high-pressure reactor water loop RVS-3 

(1 - radio-active channel, 2 - comparative channel, 3 - circulating pump, 4 - heater, 

5 - cooler, 6 - auxiliary vessel, 7 - drain vessel, 8 - pressurizer, 9 - pressurizer, 

10 - treatment of water, 11 - filtration circuit, 12 - cold measuring circuit, 13 - hot 

measuring circuit, 14 - laboratory - sampling, 15 - degasing, 16 - gas inlet, 17 - do

sing plant, 18 - dosimetric sensors, 19 - attached experimental facilities 

Fig. 15. The tubes testing section 

(1 - steam generator tubes, 2 - hot 

circuit of RVS-3, 3 - power transformer, 

4 - pressure gauge with transmitter, 

5 - crash pressure-regulation, 

6 - regulation of pressure pulsation, 

7 - crash temperature-regulation 
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Fig. 10. Th° axanometric picture of the RVS-3 loop 
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Minimum radii of bending of these tubes always are five times the calibre. Horizontal 
descent of piping has slope of 3 t. As to the thermal dilatation, fixed points are on 
vessels and dilatation forces are compensated by flexible joints. The tubes are joined 
with the vessels and aggregates mostly by welding. In necessary cases, flanged joints 
ace used. 

tow-pressure conduit of the loop charging branch is made of stainless steel tubes with 
nominal calibre 15 or of polyethylen tubes. Piping of the cooling circuits is made of 
CSN class 11 steel tubes with nominal calibre 25. Joints of the low-pressure conduit 
are flanged ones with "it" sealing. 

Special fittings are of domestic production (Sigma-Modřany Works) for nominal pressure 
320 and their calibres correspond to those of the piping. The fittings are electrically 
driven or hand-operated. Bellows closing valves have regulating cones made of EC 1111 
type alloy. Return valves have calibres of 10. Stainless relief valves were delivered 
by Bopp and Reuther, FRG. In cooling circuits, the usual regulating and closing fittings 
are used. The alloy EC 1111 has the following composition: 

0.10 % C, (4.2-4.8) % Si, (4.9-5.6) % Mo, (7.5-9) % Ni, (17-19) % Cr, 0.05 % Al, 4.2 % 
Mn, 0.05 % № . 

Kith respect to the high parameters of the loop, all pressure vessels, are designed and 
manufactured according to the demands of relevant standards (CSN 006910). Small vessels 
are forged out of CSN 17246 stainless steel, large ones are made of CSN 15128 perlitic 
steel and are provided with a welded stainless coating. All vessels are provided with 
passages for the operational measurement sensors and it is possible to vent and to 
discharge each of the vessels. Large vessels are equipped with relief valves. Sealing 
of parts of the dismountable vessels is achieved by the "metal-to-metal" joint. 

Centrifugal main circulating pump (manufactured by Hermetic-Pumpen, FRG) is of CKH 
6/2 type, made of stainless steel and has the electromotor on a common shaft in a pres
sure casing to be able to operate with the maximum parameters of the loop. The eloctro-
motor is cooled by a separate cooling system. The common shaft of the electromotor and 
the pump is supported by two water-lubricated slide bearings. 

Two charging pumps refill the loop during operation and dose the solutions into the 
loop. These РАЕ 64-type one-plunger horizontal pumps with a crank mechanism were pro
duced by Salzwedel (GDR) and have maximum delivery of 1060 dm*/minute with possibility 
of continous regulation. The parts of the pumps which are in contact with the pumped 
liquid are made of stainless steel. 

Additional parameters of the loop: 

Total volume of 0.4 90 m' , 
loop wetted surface of 24 mJ, 
working medium with conductivity of (2-5) yu S/cm at 20'C, 
auxiliary inert gas; nitrogen (as used for filling of lamps). 
Main circuit of the loop is designed for full operational parameters and has the fol
lowing main parts: two-stage circulating pump, electric heater of the medium, auxili
ary vessel,comparative channel, air box, pressurizer, natural circulation pressurizer, 
natural circulation cooler, radio-active channel, dosimetric chamber, cooler of medium, 
mixing chamber and degaser. Main circuit flowrate can be continually regulated by the 
circulating pump by-pass (maximum main circuit flow velocity of 4.82 m/sec). The auxi
liary vessel can be used as a delaying vessel, or for change of surface/volume ratio, 
etc. The comparative and radioactive channels are identical and it is possible to in
sert into them the same samples. The part of the radio-active channel with sample hol
der is inserted into the VVR-S reactor core. It is possible to separate the radio-acti
ve circuit with natural circulation from the non-radioactive circuit with circulating 
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pump, or to operate all main circuit. Ibe air box stabilizes pressure in the loop by 

means of gas or steam bubble. in the Mixing chamber, the outlets of measuring, filtra

tion, and dosing circuits are collected. Tne main circuit has four relief valves. 

Hot measuring circuit enable* experimental work with operating parameters of the main 

circuit and is in parallel arrangement with the circuit. Its maximum flowrate of 

100 kg/hr is maintained by the pressure gradient of the circulating pump, it is possib

le to connect the filtration circuit outlet with the hot measuring circuit inlet, or, 

on the contrary, to connect the hot circuit outlet with the inlet of filtration or cold 

measuring circuit. The hot measuring circuit is equipped with an identical comparative 

channel and with a multi-purpose sensor boxes. 

Cold measuring circuit serves for those experiments requiring lower temperature of the 

medium than that in the main circuit. Coolers in the cold circuit inlet enable to reach 

the temperature of water as low as 30*C with maximum flowrate of 100 kg/hr. The experi

mental equipment is similar to that of the hot measuring circuit. 

Filtration circuit operates also in a parallel arrangement with the main circuit and 

has maximum flowrate of 100 kg/hr and temperature of 30*C. The circuit serves 

- for a continual or programmed purification of the loop medium, or for keeping the 

required concentration of additives in the loop, and 

- for the research on filtration plant behaviour or the research on the properties of 

filtering materials. 

The circuit has two mechanical filters, three ion exchanger filters and a comparative 

channel. 

Sampling from the loop. It is possible to sample 

- from the main circuit, 

- from the cold measuring circuit, 

- from the filtration circuit, and 

- from the main circuit degaser (gasseous samples). 

The samples are transferred through a reduction chamber and a cooler into a glove box 

in the operational laboratory. 

It is also possible to sample gasseoux or liquid samples from the shortened circuit 

with natural circulation into a separated glove box. 

5.2.2. Monitoring of radiation parameters of the loop active channel 

To monitor of radiation parameters during irradiation the active channel is provided 

with two monitoring probes with self-powered detectors and calorimeters. The probe with 

the self-powered detectors for monitoring the thermal neutron fluence rate includes 

7 Soviet self-powered detectors DPZ-1 (with emitter diameter and length of 0.4 mm and 

SO mm, respectively). The probe with calorimeters for gamma radiation exposure rate mo

nitoring includes 5 calorimeters with tungsten bodies 2nd one compensating calorimeter. 

The orientation of the monitoring probes with respect to the reactor core centre is 

shown in Pig, 11, locations of the probes along the core height arc in rig. 12. 

The configuration of the active core of the nuclear reactor WR-S is in the Fig. 13. 
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Fig. 11. Orientation of the measurement in the reactor 
centre positions 

h 
h 

и 
£ 

Fig. 12. Locations along the core height 
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Fig. 13. The configuration of the active zone of the nuclear reactor WR-S 
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5.2.3. The sampling systems of the loop 

lbe main sampling systems was described in chapter 5.2.1. The samples taken through the
se lines are transferred through л reduction chamber and a cooler. Such line is not sui
table for particulate sampling because of great deposition on the inner surface. To pre
vent the deposition the sampling system has to be isokinetic. The sampling line with 
reduction chamber and isokinetic sampling line with capillary are in Fig.14. 

Fig. 14. Sampling lines 

1 - filtration circuit 
2 - electromagnetic filter 
3 - pressure reducer 
4 - cooler 
5 - sampling box 

6 - cross valve 
7 - ultrafiltration chamber 
8 - piping ф 14/2.5, 1 = 9m 
9 - capillary tube «t 4/1,1И'лп 
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5.3. High temperature electromagnetic filter 

On the basis of test results a design of the filter proper body with winding and regula
ting «ad measuring devices was elaborated. The following parameters of the filter as a 
part of experimental facility of the RVS-3 reactor water loop were prescribed: 
- working pressure 18.0 NPa 
- working temperature 3S0*C 
- flowrate 2.6 t/hr 
- flow velocity 1000 m/hr 
Experience and results of experiments with a developmental classic filter led to optimal 
length of filtrating bed of about 1000 mm, ferromagnetic bail (diam. 4-6 mm) charge and 
magnetic field intensity of about 100 kA/m. Final design preserves original idea tested 
on two models of laboratory scale: two-chambered conception, each chamber forming an au
tonomous solenoid. The design of the electromagnetic filter (Pig. 16) is represented in 
drawing 0.302.1.5. The fi.lter proper body is formed by two parallel, vertically oriented 
ferritic stainless steel pipes with length of 1000 sm, diameter of 45x5 mm, ended by 
flanges. The pipes form frames for winding from hollow, water cooled copper conductor. 
Stabilizing support surfaces for the conductor are provided by sheets, held by a clam 
and an adjusting screw. The surfaces are by means of a seal and four bolts of filter 
chamber fixed to connecting bridge bodies made of CSN 17040 material. These bodies pro
vide both hydraulic and magnetic connections. Both bridges are provided with bolted 
plugs enabling manipulation with filtrating charge (balls in this case). The plugs are 
destined for checking of filtrating matrix state during preparation of operation, 
assemblage, or after the end of operation. Welded vertical part of the bridges, which 
is provided with a sieve preventing the entrance of the balls, is designed as a distri
buting chamber for sampling of liquid medium and for outlets for measurement of pressu
re drop on filtrating bed. The samples are taken partly in front of the filter, partly 
behind the filtrating bed. Sampling is controlled by stainless hand-operated fittings 
with nominal i. d. 10 and nominal pressure 320. The same fittings are utilized in out
lets for measuring devices. Passages are made of stainless piping diam. 10x2. Kain pi
ping supplying the filtrated medium is made of stainless steel and is provided with 
stainless closing pressure valves with nominal i.d. 25 and nominal pressure 32J0. On 
one side, the valves control the inlet and outlet of coolant, on the other side, they 
enable flush-out filtrating charge by a counter-current of pressure water during the 
interuption of campaign. 

Piltrating chambers are covered by Teflon folier, winding is formed by a copper tube 
diam. 10x1. The tube is joined by silver solder and isolated by glass fibre stiffened 
by terephthalic lacquer. Effective height of 1000 mm corresponds to 80 threads in one 
layer. 
The design of exciting coils follows the required magnetic field intensity H_, -10 л/т. 

min 
All technical, manufacturing, safety, operational and economical points of view were 
taken into consideration during the realization of the coils. Copper hollow conductor 
diam 10x1 provides copper cross-section of 28.25 m*, sufficient cooling water flow 
area of 50.26 mm1 and complies from all safety and functional points of view. When 
this dimension is used, then for given length of coil (1000 mm) there are 91 threads 
in one layer, which for six layers corresponds to about 550 threads per one coil. 
CUing to the required magnetic field intensity H-10 A/m it is necessary to consider 
the direct current intensity of about 200 mA. 
Total input per one exciting coil is of about 5.5 kVA at conductor temperature of 20*C. 
When the temperature of the winding is raised to the level of 80'C, ohmiс resistance 
increases by about 12 % and the input is 6.6 kVA. 
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Fig. 16. A prototype of two-chamber electromagnetic filter 18 MPa, 350'C 

1 - filtration channel ф 45 x 5 mm 
2 - connecting link 
3 - coil Cu 10 x 1 water-cooled 
4 - flow in by filtration 
5 - flow out by filtration 
6 - flow in of flushing 
7 - flow out of flushing 
8 - sampling system 
9 - pressure gauge 
10 - ball matrix (4 6,3 mm) 
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All equipeest is placed in a frame and enclosed by covering sheets. Its height is 

2524 MI, width of 750 MI, depth of 300 MI and Bass of about 50C kg. 

The distribution of cooling water into the coils is realized by rubber pressure hoses 

with 1. d. 10 mm. Brass closing valves enable the flow of coolant either through one 

coil or through both coils simultaneously. Cooling system is equipped with a manostat 

signalizing to the personnel failure of cooling water delivery in case of break-down 

of water supply system, and switching of the filter supply of current. By this way 

the increase of cooling water temperature above the allowed level (BO'C) and following 

! of its piping is prevented /27/. 

The installation of the electromagnetic filter into the high-pressure reactor water 

loop is in Fig. 17. The systems includes a system of measurement of filter principal 

operating parameters and a sampling system for evaluation of the filter efficiency. 

In the testing tube sections metallic insert sheets are positioned for evaluation of 

deposition process. One of the tube sections is disposed in the inlet line to EKF, 

the second one in outlet stream of filtrate (Fig. 18). 

Fig. 17. Experimental EM filter in high pressure loop 

(1 - circulating pump of h.p. loop, 2 - two-chambered electromagnetic filter; H - in -

tensity of magnetic field, 3, 4 - in - and out-let testing section, 5, 6 - in - and 

out-let turbidity measuring and analyzer, 7 - membrane ultrafilter, 8 - waste or dosing 

equipment, 9 - washing water tank, 10 - tank for cool washing, 11 - bubble cooler, 

gl, g2 - gammaspectrometrie monitor, a, e - in - and out-let of cooling water, 

SK - radioactive waste, V - ventilation) 
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Fig. 18. Th* installation of tha alactroaaanatlc filter into the loop 
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S.4. Ga—a-spectro—try of corrosion products 

Coolant of presurized-water potter reactor primary circuit gets enriched generally by a 
Dumber of various radionuclides during operation of the reactor. These radionuclides can 
be classified into three «roups following their origin: 
(a) activation products of water and its admixtures (e.g. 3g, 1«H, 1вр, lyitj' ; 
(b) activated products of corrosion of structural materials 

(e.g. Co, со, ип, cr, nit 
(c) fuel fission products (e.g. isotopes of J, Xe, Cs, Яр). 

While the concentration of the nuclides (a) is in principle determined by the design 
of the primary circuit, it is possible to derive and evaluate data on the state of fuel 
element cladding, chemical reactions of coolant with materials of primary circuit, 
transport and deposition of corrosion products, and other phenomena from the concentra
tions of the radionuclides (b) and (c). Considering that a direct inspection of primary 
circuit is not possible during operation, analytical inspection of coolant represents 
the only possibility to obtain topical information necessary to maintain fail-less ope
ration of nuclear power station. 
The regular analytical determination of concentrations of selected isotopes in primary 
circuit vater by means of measurement of gamma-activity can be used as a possible sour
ce of information. This method is sufficiently accurate and reliable with substitutive 
effort exerted on the operational control. Since the sampling from the primary circuit 
is difficult and brings also the danger of analytical errors, it is adventageous to use 
the direct.in-line gamma-spectrometric measurement through the wall of primary coolant 
conduit. The intensity of radiation is attenuated by the wall but there are no subs
tantial changes of either location of energy of gamma peaks or their widths. 
For determination of qualitative and quantitative composition of radioisotopes in me
dium of cooling curcuit it is necessary to use spectrometric detectors. Considering 
that it is possible to expect the occurence of TO to 20 nuclides (some of them can 
occur in the form of several isotopes), scintilation detectors (e. g. detectors with 
NaJ/Tl crystal) can be excluded from the use for these purposes for the reason of 
their low separating power. Difficulty of the measurements is further complicated by 
the fact that few isotopes radiate only one gamma-line. This all leads to the use of 
modern detectors based on semiconducting materials, which are marked by their high 
distinguishing power (nearly 100-times higher than that of the scintilation detectors). 
Nith regard to the range of the energies measured (from 100 to 2000 keV) it is unam
biguously necessary to use semiconducting Ge/Li detectors having high atomic number 
Z (2д_* 32, Z-. - 14) and at about 100-times larger volume than the volume of other 
types of semiconducting detectors. The fact that semiconducting detectors have effi
ciency at about 10-times lower in comparison with that of the scintilating ones is 
not a drawback thanks to their high separating power. On the contrary, this fact can, 
under certain circumstances, play a positive role considering that the measurement 
proper must be usually carried out in environment with high level of undesirable 
radiation background (usually 10-100 mr/hr, which represents the incidence of at 
about 10 - 10 gamma-quanta per second for unshielded detector). 
It can be deduced from the analysis of isotopic composition of real coolant of 
WER-440 pressurized-water reactor primary circuit that it is necessary to measure ' 
gamma radiation within the energy range from 100 to 2000 keV, Wide range of ener -
gies measured, presence of isotopes with energy higher than 1 MeV, and required 
accuracy of measurement, this all leads to the use of Ge-detectors with effective 
volumes 25 - 50 cm' (relative efficiency of this type of detector lies in the range 
from 5 to 10 per cent in comparison with NaJ/Tl crystal with size of 7.5 by 7.5 cms). 
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The detectors with volumes smaller than 20 cm1 are disadvantageous mainly for the follo

wing reasons: 

- they have low detection efficiency for radiations with energies higher than 500 keV; 

- with regard to low ratio of peak to Compton criterion arid low efficiency for absorp

tion by total photoeffect, these detectors have Mgh "background" in low energies 

(the efficiency decreases in low energies owing to statistical fluctuations). 

Further disadvantage of detectors with high efficiency in presence of high gamma-back

ground lies in their high spectral background. Sufficient shielding and adequate loca

tion of the detectors with regard to the measured conduit is therefore necessary. The 

design of the shielding must ensure not only limitation of dose from the region but also 

reduction of backscattering of radiation from the walls and preservation of the rise of 

continuum in the gamma-spectrum under at about 0.3 MeV. Besides, the intensity of 

gamma-radiation emitted by the collimator Ln-built in the shielding must be so reduced 

that the operation of electronics of the attached measuring equipment is not limited 

(dead time, optimum separating power). Lead is a suitable shielding material having 

good shielding effect with low spatial requirements. The undesirable effect of its 

K-fluorescence can be eliminated by a sufficiently thick shield made of iron or coopper 

inserted between the outer*lead shield and the detector chamber. 

To eliminate interference and to simplify the design, it is advantageous to place the 

detector on a straight part of the conduit. Preference is to be given to a vertical 

part over the horizontal one to reduce contamination of the walls. Contamination of 

the inner surface of the conduit is also decreased by sufficient coolant flowrate. 

It was decided to" place a gamma-spectrometric device on the conduit of the so-called 

self circulatory (tiermosiphon) circuit of the reconstructed high-pressure reactor 

water loop RVS-3 in Nuclear Research Institute in Rez. In connection with the active 

channel of research reactor WR-S, this loop models the primary circuits of WER-440 

and WER-1000 reactors at full operational parametres. Fixed measuring station was 

chosen at the well accessible place on the connecting conduit bridge near the reactor 

body. 

Two modifications of the standard configuration were proposed for the detector-crystal 

vessel complex: 

- detector is placed in the Dewar-crystate vessel with a side bottom outlet on an 

elongated cooling finger. This elongation can amount up to at about 250 mm. The 

displacement of the detector decreases appreciably the angle under which the de

tector "sees" the area with high undesirable radiation; 

- detector cooling finger and the connection to the vessel contain the angle as much 

as 30 degrees. This variant makes possible to decrease the detector "angle of view" 

up to zero value. This is.especially advantageous in case of extremely high radiation 

background ov for determination of isotopes which have low intensity of lines or 

low relative occurence. Moreover, this variant can be utilized even in case of 

vertical position of the cryostat. 

Verification calculations were carried out considering preferential measurement of 

content of activated corrosion products (above all Co, Co, Mn, Cr, Fe) with 

regard to water activation products (above all N) and the following dimensions 

considered: 

measuring pipe diameter 

wall thickness 

lead shielding thickness 

thickness of the detector aluminium layer 

distance of the detector effective area from the front 

diameter of the colimation slot 
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To ensure good spectrometric route it was proposed to locate the semiconducting Ge-dete-

ctor (manufactured in the Departement of Semiconductors of NRI, Rež) as near the necessa

ry first-quality, charge-sensible preamplifier (product of the firm ORTEC, 120-3F type) 

as possible. This arrangement will assure significant decrease (at about 100-times) of 

the effects of eventual disturbing signals on the useful signal. The connected shaping 

amplifier and low- and high-voltage sources will then enable transport of the measuring 

signal to multichannel amplitude analyser by usual coaxial cable to a distance as much 

as at about 100 m. 

The original arrangement of Ge/Li/detector and collimator are in Fig. 19., 20. 

On the basis of preceding through analysis and conceptual design, the constructional do

cuments were specified and manufacturing drawings were elaborated for manufacture, com

pleting and assembly of the measuring equipment and the necessary accessories. 

After measurement of typical radiation field and vyrifying calculations of the main sup

port structure loads it was decided to locate the equipment on the conduit bridge connec

ting the auxiliary object of the RVS-3 high-pressure water loop and the WWR-S research . 

reactor body, on the inlet and outlet stainless-steel piping (diam. of 45/5 mm) before 

its joint with the assigned in-core channel. Following the published recommendations 

a location in the vertical part of this piping was chosen. See Fig. 21. 

From two possibilities of the standard configuration of the detector-cryostat complex 

the variant with a side vertical elongated cooling finger (length of 300 mm) directly 

coupled to a typified Dewar-cryostat vessel (volume of 7 1), manufactured in NRI, has 

been chosen in order to facilitate the design. This shift of the detector together 

with elongated covering cap (50 mm) decreases markedly the viewing angle of the de

tector into the background. 

A measuring Ge-detector with effective volune of 50 cm1 ensuring satisfactory relative 

efficiency about 5 - 10 * was ordered. To the detector cooling finger, sticking out of 

the cryostat, a high-quality charge sensitive measuring preamplifier (ORTEC 120-3F, 

S/N 3738 type) with low input capacitance will be attached. 

To ensure good quality of spectrometric trains, further components of the signal pro

cessing electronics (shaping amplifier and low- and high-voltage supply, manufactured 

in NRI) will be situated as near the detector-cryostat complex as possible. This arran

gement will ensure sufficient value of signal-to-noise ratio and enable transport of 

the signal to the stationary multi-channel amplitude analyser. Lead shield of the mea

suring complex will have wall thickness about 15 cm. 

The possibility performe the measurement in both inlet and outlet pipes of the 

in-core channel by means of a sliding diaphragm will be a speciality of the equipment 

colimator design. 

It will be possible to aligne precissely the cryostat vessel by means of a screw sup

port. Liquid nitrogen level in the vessel will be indicated by a level indicator with 

a minimum-value alarm. Transfer from the cryostat to the detector cooling finger will 

be shielded by an auxiliary portable lead shield. 

Easy access to all equipment will be ensured by an auxiliary working platform on the 

reactor body. 
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19. Original arrangement of Ge (Li) detector measuring circuit 

V///////A 
20. Block diagram of collimator inle*-

21. The total arrangement of technological дамм-apectroaatry 
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5.5. Analytical techniques 

All chemicals used in experiments had the p.a. purity and were manufactured by LACHEMA 

Brno, national enterprise. The solution was prepared using demineralized water (mixbed 

Nofatit RH-Wofatit RO). 

Boric acid was determined by alkalimetric method using mannitol. Equivalency was indi

cated by phenolphtalein. 

Oxygen dissolved in water was determined in innert nitrogen atmosphere after previous 

sampling into evacuated sample .bottles. After reaction of 0- with Mn +, ions Hn * we

re titrated with Mohr's salt on ferroin. 

After concentration on precipitate of Pb(NO-), with Na2HP04 and dissolution from this 

precipitate by ferric salt, chlorides are determined with spectrometer after addition 

of methanolitic Hg(SCN), at 463 nm. 

Iron in the filtrate from the ultra-filtration was determined with spectrometer as 

orthophjenantroline complex at 506 nm after addition of thioglycollic acid and boiling. 

Composition of solid suspended particles obtained by ultra-filtration was analysed by 

AAS after dissolution in autoclave at 180*C with addition of HF, H2S04, and HNOj. 

Values of concentrations of hydrogen ions were determined by pH-meter OP-211 of the 

firm RADELKIS. Conductivity was measured by conductometer OK 120/1 of the same firm. 

Gamma radioactivity was measured by 4096-channel analyzer Canberra 1980 with Ge-detec-

tor. 

The amount of suspended substances in the solution was determined by ultra-filtration 

on an ultra-filtering equipment with ultra-filters Synpor 6 (filters 406 nm were used), 

Analysis of samples by electron microscopy was carried out on electron scanning micro

scope Cambridge, Sterroscan 250. 

X-ray diffraction was measured with diffTactometer TUR-62. 

6. DESCRIPTION OF RESEARCH CARRIED OUT 

The description of research experiments carried out in out-of pile and in-pile loop 

facilities are summarized in Table 2 and 3. 

T a b l e 2 

Summary of out-of-pile experiments 

Code Topics Parameters Time 

P-53 Zr-corrosion 0-20 MPa I960 h 

20 - 300'C 

P-56 Zr-corrosion 13 MPA 1500 h 

P-70 Zr, Ag-corrosion 18 - 20 MPa 1250 h 
300'C 

P-71 Zr, Ag-corrosion 0-20 MPa 380 h 

Par 
0 -

20 

13 I 

290 

18 
300 

0 -

20 

ameters 
20 MPa 

- 300 'C 

MPA 

•c 
- 20 MPa 

•c 
20 MPa 

- 300 'C 
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T a b l e 3 
Summary of i n - p i l e loop experiments 

Parameters 
Code 

A2 

A3 

B4 
B5 

Topics 

Corrosion tests of 
steam generator tubes 

Electromagnetic filter 
testing 

Active channel testing 

Corrosion and activity 

T /*C/ 

300 

250 
280 

P /M 

15 

15 
13 

Q /m'/h/ Time 

7 700 

5 200 

4 100 

transport studies 290 15 3 425 

In Fig. 22, 23 and 24 the courses of primary circuit technological parameters are pre
sented . 

7. RESULTS AND DISCUSION 

7.1. Experimental corrosion tests of Zr-Nb cladding material 

The dependency of corrosion rate of zirconium alloy 99% Zr, 11 Nb on the temperature of 
water environment of W E B pressurized water reactor primary circuit at the limiting con
centration of alkalized solution of boric acid ( 15 g HjB03 + 12 mg KOH /kg + NH4OH 
pH • 6.5) was investigated under the above mentioned experimental conditions. Each pha
se of the experiment with fixed level of temperature took approximately 50 hours. During 
this period at least 20 polarization measurements were carried out and average value was 
evaluated from their results. Total time of the experiment reached 550 hours. A cylindric 
electrode with outer diameter of 9.2 mm, length of 104 mm, surface of 29.8 cm' and weight 
of 41.8 g was used in the experiments. The results of measurements of corrosion rate w 

к 
in relative values WR/W -_, where W„ ,n *s i t s initial value at 20'C, are represented 
in the logarithmic scale in Fig. 25 and in the usually presented correlation to inverse 
value of absolute temperature in Fig. 26. After the end of experiments the measuring 
electrode was weighted and a gain of 5.2 mg was found, corresponding to the specific 
increase of weight caused by the corrosion process of 17.5 mg/dm1. This value is in good 
agreement with published data /28/. 
The next experiment was concentrated on a long-term exposition of zircorium material in 
W E R reactor environment at nominal operational parameters (pressure 12.5 MPa, and 
average temperature of 285'C, kept with accuracy of + 2"C, respectively). Cylindrical 
electrode made of i he some above mentioned material. 
Results of measuremmt of corrosion rate WK in relative values are in Fig. 27. Total ex
position of 1480 hours was achieved. At the end of the experiment, the electrode was re
moved from the rig and weighted. The measured mass gain of 32.5 mg corresponds to the 
specific increase of weight caused by corrosion process of 109.06 mg/dm'. From the mea
sured corrosion rate plotted in Fig. 27 it is possible to obtain a detailed information 
on the history of resulting increase of corrosion layer. On the surface of the measuring 
electrode, unprotected at the start of exposition, a protecting oxidic layer had arisen 
during the 50 hours of exposition, reducing for about 1000 hour interval the corrosion 
rate on level approximately 5% of its initial value. Then the increase of corrosion rate 
on approximately threefold value appeared. The ability of direct monitoring of corrosion 
process informs even of the temporal fluctuations of corrosion rate during the long-term 
expositions. These fluctuations indicate a possibility of non-homogenities in the crea-
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ting protective layer of corrosion products on the *irconium surface (Fig. 28). 

Results of measurements of corrosion rate NK dependent on temperature and time are in 
Fig. 29. 

7.2. Corrosion tests of metal silver 

Corrosion behaviour of the silver has been studied in experimental out-of-pile and 
in-pile loops with parameters corresponding to PWR primary circuit conditions. 
The long-term tests at the out-of-pile loop and short test in dynamic flowing at 
in-pile loop with forced circulation were performed. The silver samples were in the form 
of metal silver sheet. The experimental conditions and results are summarized in 
Table 4. 

T a b l e 4 
Corrosion tests of metal silver 

Experimental conditions 

H3BO3 

KOH 

NHjOH 

PH 

0, 

g/i 

ng/l 

mg/1 

(25'C) 

/ig/l 

Temperature *C 

Pressure MPa 

Flow rate m/s 

Exposition time h 

Corrosion rate mg/m'у 

Out-of pile 
experiment 

6 

12.5 

5 

6.5 

30 

300 

17 

0.005 

1500 

4.2 

In-pile 
experiment 

6 

12.5 

5 

6.5 

100 

300 

14 

4.0 

400 

35000 

The higher flow rate of the water and the higher oxygen concentration during in-pile exFa-
riment increases corrosion rate of silver samples. Hydrodynamic conditions at in-pile ex
periment correspond to turbulent flow /29/. 

7.3. Corrosion fatigue tests of tubes 

Load has been induced with equipment of the RVS-3 reactor water loop in Nuclear Research 
Institute, dimensioned for operational parameters 15.7 MPa and 335'C with forced circula
tion of medium /1/. Scheme of the loop is in Pig. 9. Test section of steam generator tu-( 

bee is shown in Fig. 15. This section consists of two four-meters tubes (With over-limit 
technological defects) interconnected by a horizontal pipe coupling. The section is 
equiped with measuring instrumentation indicating temperature and pressure and is joined 
to hot measuring circuit of the loop through closing valves. 

Regime of the experiment followed from the requirement of more stringent modelling of 
working load of tubes by pressure, temperature, and corrosion loads. 

For establishment of the regime of pressure cycling (by inner overpressure) of the tubes 
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Fig. 25. Temperature dependence of corrosion rate of zirkonium in the 

solution 15 g H3B03/kg, 12 mg KOH/kg, NH4OH > pH 6.5 
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Fig. 26. Temperature dependence of corrosion rate of zirconium in the 

eolution 15 g H3B03/kg, 12 mg KOH/kg, NHjOH — • pH 6.5 
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Fig. 27. Time dependence of corrosion of zirconium alloy in the solution 

15 g HjBOj/kg, 12 rag KOH/g, m^OH—» pH a 6.5 (T - 300*C, p * 20 MPa) 
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Fig. 29. The time dependence of corrosion rate H. 
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Fig. 30. Internal surface of the steam generating tube with the oxide layer. 
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tested, the arrangement with pressure and temperature generation in the medium, by electri

cal heating in direct connection of part of one of the tubes tested into the circuit of 

the low-tension winding of transformer has been selected /30/. 

The experiment has been scheduled for eight weeks. During one week, the experiment has 

been modified so that pressure test (20*0.5 MPa) has been carried out before the tempera

ture exposition itself. Similar test has been carried out by the end of the week. The 

daily regime of the experiment consisted of a continuous block of pressure cycles 

14—>11 *14 MPa, and 1 2 .5-* 6 —>12.5 MPa at temperature of 275 - 315"C and water en

vironment in the loop. Between these exposure blocks, the exchange of the medium in the 

section (at least once during 12 hours) by the water from the l~op with duration of two 

hours was carried out. Hater chemistry in the loop (see Table 6) corresponded to that 

of the WER reactors with increased concentration of oxygen and chlorides. 

Total results cf corrosion fatigue loading of the tubes are summarized in Table 5. After 

loading, the tubes have been subjected to a number of tests, mainly from the point of 

view of evaluation of changes on the inner surface /31, 32/. Corrosion layer formed on 

the inner surface of the tubes reached maximum thickness *\» 1 /im. The layer was composed 

mainly of magnetite (Fe,0.), partly hematite I efc-Fe.O,). Average mass of oxidic layer 

reached the value of 3.9 gm" . On the basis of difference between optical measurement 

of the layer thickness and calculation of this thickness from the mass of the layer 

(for P Fe3°4 = 5-19 k9 dm ), it is possible to calculate the porosity of the layer, 

which is 25%. For the study of corrosion layers, the optical and scanning microscopy, 

chemical removal of the oxidic layer, and Mossbauer and infrared spectroscopy have 

been used. 

From the point of view of technological defects on the inner surface, the increase of 

size of these deffects, present in the tube before the experiment, has been evaluated, 

i.e. rresence of propagation of the defects caused by simultaneous mechanical load and 

corrosive environment at increased content of O- and CI has been searched. There is 

a caustic dependence between concentrations of oxygen and chloride and presence of cor

rosion cracking. According to the relation presented by Gerasimov /33/, the average 

time interval of appearance of cracks is lower by two orders at increased content of 

these components (in our case, 0, 8*0.5 mg dm" , Cl~«* 0.7 mg dm" ) than in the case 
Í. -3 -3 

of standard water chemistry (O,•• 0.001 mg dm , CI «* 0.1 mg dm ) . Despite of a pro

nounced increase of stringency of the tests, no increase of size of the defects has 

been observed, and no initiation of formation of craks has occurred. 

T a b l e 5. 

Fatigue loading of the tubes 

Pressure cyclus 

11 » 14 MPa 28 600 cycl. , frequency 0.03 Hz 

6 * 12 MPa 3 200 cycl. , frequency 0,005 Hz 

0 — » 20 MPa 10 cycl. 

Temperature 275 - 315*C 

Heating 20-»300'C 100 cycl. 

Thermal flux density 3 x 10* W x m" 

Linear flow rate 0.45 m x e 

Time exposition at 300'C 800 hours 

-2 
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T a b l e 6. 
Water chemistry in t h e loop 

Parameter Dimension WER-4 40 

&t-«< :ond. /is x cm 0,5 
pH • - 6 
KOH as К mg x kg 
H.B03 g x kg' 
Fe mg -. kg 
O- mg x kg" 
Cl" mg x kg" 

2.5-18 
0 - 6 
0.2 . 
0.01 
0.1 

Loop RVS-

1 
6 . 5 - 7 . 5 
12-

3-
0 
0 
0 

-14 
- 7 
2-2 

.2-1 

.5 -0 .9 

7.4. Functional characteristics of the loop in the in-pile mode 

The experiment was aimed' at determination of pulse characteristics of the loop inclu -
ding the connected active channel, especially the thermal hydraulic and radiation cha
racteristics of the loop regarding the attaining the conditions modelling primary cir
cuit of the PWRs. The loop was operated in the week and the following parameters were 
stably reached: 
Pressure 12,6 HPa 
Temperature 280'C 
Flow rate 4.5 t/hr 
Neutron flux 2.2x10 n/m2s. 
The time dependence of principal parameters of the loop is shown in Fig. 22. The loop 
had been put into operation 8 hours before the start of the reactor and 5 hours before 
the reactor reached the power level of 5 MW. This way of the start-up procedure of the 
loop enables minimalization of activation of corrosion products in the loop. These cor
rosion products are transported from the walls of the facility into the coolant i.i most 
cases during transients (start-up and shut-down). 
The following principal thermal characteristics of the loop have been determined: 
- temperature distribution in the circuit of the loop; 
- temperature distribution in the active channel of the loop; 
- heat losses in the loop during operation at nominal parameters; 
- maximum coolant temperature gradient in the loop at full flow rate through main cooler 
and at full power of the main heater of the loop; the temperature gradients were measu
red in dependence on the loop flow rate; 

- performance of the self-circulation circuit of the loop during modelling the loop main 
pump failure; by means of the self-circulation circuit cooler, it is possible to 
cool-down reliably the water, heated by radiation heating. 

Temperature distribution in the loop active channel is shown in Fig. 31. 
The reactor power was increased from the super-critical state up to the level of 5 MW 
in 55 minutes. During all this experiment, the readings of pico-ammaters of technolo
gical dosimetry located partly in the self-circulation box in the reactor outlet pipe, 
partly in the machine room in the delivery end of the pump, were in accordance with 
the values, measured with the VA-J-15 A roentgen-gamma-dosimeter. The measurement was 
carried out in regular periods in the points of location of the sensors. 
During 72 hours of the experiment, the reactor power was always maintained continuous
ly at the same level of 5 MW, the deviations from the linear course of the increase of 
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the exponential rates being by scattering of the digital readings of the pico-ammaters. 
The reactor was scrammed to zero power during 20 s and its parameters have stabilized 
themselves at the initial levels. The values were confirmed by a subsequent measurement 
by independent of the dosimetric control. 
In Fig. 32 the increase of the exposure rate during the reactor start-up to the power 
level of 5 MW is perceptible. In Fig. 33 a gradual increase of coolant activity as a 
result of activation of the long-lived nuclides in the coolant is shown. 
During the experiment the maximum value of thermal neutron fluence rate of 3.25x10 n/mJ 
average value of the thermal neutron fluence rate along the reactor core height of 
approximately 2.2 x 10 n/mJ . s, maximum value of specific exposure rate of gamma 
radiation of 4.5 W/g, and its average value along the reactor core height of approxi
mately 3.0 W/g have been found. See Fig. 34, 35. 

7.5. Composition of corrosion products in the loop RVS-3 

The insoluble compounds obtained by ultra-filtration on ultra-filters Synpor 6 and by 
smear from inner walls of piping were analysed by X-ray diffraction and by electron mi
croscopy method. It was found by X-ray diffraction that the cubic lattice typical of 
spinels is the characteristic crystal system of these compounds. Comparison with diffra
ction picture of ferri-ferrous oxide confirmed the identity or close similarity with 
the diffraction picture of the analysed compounds. Based on this result and on the re
sults of analyses obtained by electron microscopy method and summarized in Table 7, 
calculation of the summary formula of the compound was carried out. 

T a b l e 7. 
Chemical composition of insoluble particles found in RVS-3 

Type of Chemical composition in % 
compound Cr Mn Ni Fe Probable compound 

I.a 0.83 0.19 3.70 65.3 <Fe3+Fe21)Fe3+0 4 
I . b 1 .10 - 4 . 6 0 6 2 . 3 
I . c 1 .95 - 2 . 8 6 6 1 . 7 
I . d 0 . 3 5 - 2 . 7 7 6 4 . 5 

3 * „ , 2 * , _ 3+, I I . a 1 .047 - 1 3 . 9 4 8 . 4 (Fe Ni )Fe 0 4 

I I . b 4 . 5 0 - 1 7 . 2 4 8 . 2 - " -
I I . с 7 . 8 4 - 1 1 . 5 4 8 . 5 - " -

4 I I I . a 1 1 . 9 - 1 0 . 2 4 0 . 9 < C r 3 + + F e 2 + ) F e 3 + 0 
I H . b 1 3 . 3 - 1 .80 5 3 . 2 - " -
I I I . с 1 5 . 6 - 3 . 27 3 9 . 2 - " -
I l l . d 1 8 . 6 - 1 .30 4 4 . 4 - " -
I H . e 1 8 . 2 - 4 . 4 8 3 8 . 2 - " -

IV.a 3 9 . 9 1 6 . 9 0 .62 1 1 . 0 ( C r 3 M n 2 ) C r 3 + 0 . 
I V . b 4 0 . 8 - 0 . 5 0 27 .1 ( C r 3 + F e 2 + ) C r 3 0 4 

I V . с 5 7 . 6 1.8 0 .77 3 . 2 Í C r 2 ° 3 + C r
2

F e < V 
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Fig. 32. The dependence of exposure rate on reactor power, 

during the reactor start-up 
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Fig. 34. The distribution of thermal neutron fluence rate in the location* 
of SNP detectors during experiment B4 
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Fig. 35. The distribution of thermal neutron fluence rate along the height 

of reactor core during experiment B4 
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Compounds of the type I and II, ferriferrous oxide and nickelous ferrite, are the com -
pounds found most frequently in WER-type nuclear power plant primary circuits with 
low-oxygen mode of operation. Compounds of the type III and IV are the compounds to 
a higher degree chromium. Compounds of the type III are typical synthetic spinels 
with higher content of chromium, which substitutes Fe in the spinel structure. Among 
the compounds of the type IV it is possible to find even chromite. Frequency of occuren
ce of compounds of the type III and IV is low in comparison with the amounts of magneti
te and nickelous ferrite fourd in primary circuits. 
The compounds which were found have evidently variable composition (types I - III) , more 
frequently non-stoichiometric, either Me Fe, 0., or Me Cr * О., which were eviden
ced by Lambert during his study of phase equilibrium /20/. 
The effect of duration of experiment and temperature on composition of solid particles 
or on content of particular metals in solid particles (Table 8.) was also studied. 

T a b l e 8. 
Effect of temperature on composition of solid particles in RVS-3 

Number 
of sample Fe % Cr % Ni * Mn % T /'C/ 

5 5 . 2 

7 6 . 4 

6 8 . 3 

6 7 . 7 

7 9 . 0 

8 1 . 8 

8 2 . 2 

7 8 . 9 

7 7 . 9 

7 7 . 3 

9 . 0 0 

1 4 . 5 

1 7 . 8 8 

1 0 . 7 

11 . 3 

9 . 1 

6 . 7 

7 . 9 

9 . 3 

8 . 1 

3 . 6 

7 . 3 

6 . 9 

2 0 . 4 

8 . 4 

6 . 1 

8 . 9 

1 0 . 5 

11 .1 

11 .4 

3 2 . 2 

1 . 8 

6 . 9 

1 . 2 

1 . 3 

3 . 0 

2 . 2 

2 . 6 

1 . 7 

2 . 7 

300 
300 
300 
300 
300 
300 

7 
8 
9 
10 

298 
275 
230 
174 

Samples 1, 3 and 5 - beginning of the five-day experimental cycle 
Samples 2, 4 and 6 - end of the five-day experimental cycle 
From the time dependence of composition of solid particles found in the experimental fa
cility it is evident that there is a difference in composition at the beginning of the 
cycle and at its end, and, similarly, slight decrease of content of iron and increase 
of content of chromium and nickel during the decrease of temperature in the experimental 
facility. This fact is probably - among other - caused by different ability of these 
elements, which constitute essentially the structural material of the experimental fa
cility, to penetrate into solution and to form compounds, which were found in solid in
soluble particles at various temperatures. 

7.6. Transport of suspended particles in the RVS-3 loop 

7.6.1. Temperature dependence of deposition of suspended particles 

Transients, i.e. heating of the loop on working temperature or its cooling during the 
end of operation, are suitable modes of operation for identification of temperature 
dependence of deposition of release of solid particles in the loop. 
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The phase of heating, when the release of solid particles from the walls of the loop 
equipment into the solution takes place, did not lead unfortunately to reproducible 
experimental data and it was not therefore possible to deduce any dependence between 
temperature variation and the amount of suspended substance in the solution. 
In the case of cooling of the loop, however, there is quite evident dependence between 
the amount of suspended particles found in the solution and decreasing temperature. 
From the graph of this dependence (Fig. 36) it is possible to determine the time inter
val during which the amount of particles suspended in the solution decreases to the 
half of the amount in the primary, steady mode of loop operation. Time interval deter
mined in this way is called "half time deposition" and was used in determination of 
coefficient of deposition. This coefficient of deposition was used in verification of 
mathematical model of transport of solid particles suspended in the loop. The values 
of half time of deposition found in the experiment were in the interval T = (450-630) s, 

-3 -1 u 

which corresponds to к = (1.6 - 2.2) x 10 s . 
It is necessary, however, to remind that the deposition rate is affected also by the 
size of the suspended particles which was not investigated in this experiment. 
During cooling of the loop, change of radioactivity of selected radioisotope with the 

1 24 highest specific radioactivity of the system ( Sb) was also verified. Dependence of 
change of activity on ultra-filters (Fig.37 ) on decreasing temperature is similar to 
the decrease of radioactivity during shutdown of the WER-440-type nuclear reactor 4е*/ 
through the mechanism of radioactivity arising is most probably different. It cannot 
be ascribed to increased release of solid particles from the walls into the solution 
for such phenomenon does not occur in the system, but explanation can be searched for 
more likely in the changes of chemical forms of antimony /3f>**th. changing temperature 
and in relation of these forms with their capture on magnetite and nickelous ferrite, 
the prevailing compounds in the system as solid particles. 

7.6.2. Transport of solid particles during steady operation of the Joop 

Deposition of solid particles on the stainless steel sheets tested at steady tempera
ture, pressure and fluid flowrate in the loop depends on time (Table 9) and type or 
surface treatment of the samples. 

- 62 -



t ra 

Imgtll 

Tlwn) 

Fig. 36. The depos i t ion of c „ p (unsoluble corrosion products) in the loop 
{ e x p . I 

exp . 2 ) 

- 63 - ' 



trrljJgl 

«000 -

5000 

300 

о 
250 

30 

200 

60 

150 t rC l 

90 x I mml 

Fig . 37. The temperature and the tin 
(unsoluble) in the coolant 

dependence of 124 Sb activity 

- 64 -



T a b l e 9 
Deposition of radioisotopes of stainless steel sheets 

Sample 

polished 
polished 
polished 

Time of exposi
tion (days I 

5 
i0 
20 

Radioactivity (s -2. 

58 Co 

481 
452 
628 

54 № 

484 
414 
617 

124 Sb 

168571 
67996 
237777 

dull 
dull 
dull 

5 
10 
20 

813 
1009 
1029 

855 
538 
989 

504140 
102519 
37240 

polished, pickled 
in the stand 

5 
10 
20 

390 
550 
748 

702 
555 
688 

37872 
21013 
42820 

dull, pickled 
in the stand 

5 
10 
20 

501 
830 
922 

458 
499 
823 

113860 
25430 
22396 

polished (EMF) 
dull (EMF) 

526 
1023 

523 
948 

33422 
213873 

Considering that the mass change of the tested samples was affected by both corrosion 
decrease and deposition of solid particles on the sheets, it was not possible to take 
this change as a conclusive datum. The specific radioactivity of selected radioisoto
pes ( Co, Mn, Sb) on unit surface of the sample was therefore selected as the 
quantity being compared. As is evident from the Table 4, there is an increase of planar 

58 54 124 
radioactivity of Co and Nn with time in contrast to Sb, where there is a decre
ase of radioactivity. It is here, where the connexion between the behaviour of indivi
dual elements at given temperature and pressure in given water system, and the two pos
sible ways of deposition on the sheets: crystallization from the supersaturated solu -
tion on the outer oxide corrosion layer, and deposition of suspended particles from 
the solution, can be searched for. 58 The size and character of deposited particles, increase of radioactivity of Co and 
Nn together with the decrease of radioactivity of Sb give evidence rather to the 

deposition by means of crystallization. 
58 54 The fact, that the specific radioactivity of selected radioisotopes Co and Mn both 

in the aqueous solution and the solid particles on the ultra-filter is practically 
non-measurable (Tables 9 and 6) during nearly all time of experiments, whereas the 
radioactivity of deposit increases continually, also gives some evidence for this ty
pe of deposition. 

1 24 
The variance of planar radioactivity of Sb on the sheets which decreases with ti-124 me, with radioactivity of Sb in the aqueous solution, which also decreases whereas 
the radioactivity of this radioisotope on ultra-filters nearly does not change, re
mains a question. It is, however, worth mentioning here (table 9), that for all ty
pes of surface treatment of tested sheets there is a decrease of radioactivity of 
124Sc with time, with the only exception of the stainless steel sheet polished and 
pickled in the stand at t = 300'C and p * 15 ИРа, where there is an increase of ra-

124 dioactivlty of Sb. This type of surface treatment most closely simulates the sta-
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te of inner surfaces of the loop during experiment. Then tht. conception of capture of 

Sb or some of the hydrolytic fores of Sb on oxide layer of ;.ie structural material 

and subsequent gradual substitution of antimony by cobalt and manganese, which appear 

ý> the aqueous solution in increased extent with the time increasing, might explain the 

decrease of radioactivity of Sb on majority of the tested samples. 

T a b 1 e 10 

Time dependence of specific radioactivity of solid particles 

Time 

Ihours) 124 Sb 

Radioactivity (relative units.g ) 

54, Hn 
58 
CO 60 

Co 
59 
Fe 

19.25 

43.25 

67.25 

90.5 

109.5 

117.-

133.5 

141.5 

143.5 

147.1 

157.5 

7818 

16371 

3761 

8650 

40243 

18252 

7670 

1726 

9129 

5889 

5751 

168 

2441 

1470 

308 

222 

640 

450 

T a b l e 11 

Time dependence of specific radioactivity of solution in RVS-3 

Time 

(hours) 124 Sb 

Radioactivity (relative units.g~ ) 

54 
Mn 

58 
Co 

60 
Co 

59 
Fe 

19.25 

67.25 

90.5 

117.-

133.5 

147.5 

725700 

450108 

477267 

471161 

262232 

192813 2393 

7100 

5400 2820 5760 
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7.7. Tests of electromagnetic filtration 

7.7.1. Functional tests of the filter 

The electromagnetic filter developed in the Nuclear Research Institute was described in 

the foregoing chapters /5, 3/. The manner in which the filter is connected to the loop 

is described in /5, 3/. The present experiment was focused on verification of technical 

state and tightness of the filter body at pressure of 12.5 MPa and temperature of 250"C, 

on verification of tightness of cooling circuit of the filter coils, and on the evalua

tion of efficiency of the filter in removal of corrosion products. The filter was opera

ted for 50 hours at pressure of 9.5 - 11 MPa, steady flowrate of 1760 - 1850 kg/hr and 

two temperature levels, 200 and 250*C. 

The following main observations were made: 

- during elevation of temperature it was always necessary to tighten the filter tighting 

fringe to obtain the required tightness; 

- the cooling circuit of coils worked absolutely reliably and proved sufficient ability 

to remove both the heat carried by the circulating liquid and the heat generated by 

magnetization of .the coils. For safe operation of the filter a minimum flowrate of 

cooling water of 3 kg/min is necessary. The outlet temperature is then at about 80*c,-

- the filter pressure drop increased owing to the increase of diameters of the filter 

charge balls from the original 6.3 mm to 4.5 mm; 
f 

- filter power supply unit worked on the 210 A level without overheating of the filter 
coils; 

- it was necessary to provide an additional insulation of the filter body to decrease 

the heat losses in the loop. 

Performance of the two-chambered electromagnetic filter located in a by-pass of the 

experimental reactor water loop primary circuit was tested at temperature t * 200*C 

nnd pressure p * 11 MPa. Water chemistry corresponded to that of the WWER 440 light 

water reactor nuclear power plant primary circuit with oxygen concentration 

/02/ = 60 ug/1. Performance of the filter was tested by means of chemical analysis of 

the total content of iron (ionic + colloidal + suspended forms) with simultaneous 

ultramicrofiltration of suspended particles; this was carried out before, during, and 

after the electromagnetic filtration. 

Chemical form of the filtered particles and the distribution of their sizes was eva -

luated by means of electron microscopy. 

It was found that the size of the filtered particles is not larger than 20 /im and 

the substantial part of sizes of these particles falls in the region (2 - 15) /am. 

Crystallographically, these particles correspond to spinels, and their chemical compo-
2+ 2+ 2+ 2+ 

sition corresponds to oxide-type compounds Me.He.O.CMe -Ni , Mn , Pe and 

Me -Fe +, Cr ), but not to an ideal etoichiometry of ferrites or chromíte. 

As can be seen in Fig. 38 the electromagnetic filtration successed in removal of at 

-ibout 83 % of the total amount of iron present before the start of the electromagnetic 

filtration. After filtration, no particles with sizes larger than 2/am were found on 

the ultramicrofi Iters. The composition of particles when mass ratio of individual ca

tions is considered remains identical before and after filtration. 
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Fig. 38. Dependence of total Iron concentration on time during the 
electromagnetic filtration in the WR-S reactor water loop 
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7.7.2. The influence of the filter on corrosion product transport 

The effect of electromagnetic filter on deposition, of corrosion products was monitored 
by means of following methods: 
(a) comparison of nuclides and radioactivity, deposited on metal samples placed in com
parison channel in the main circuit of the loop (Fig. 9); 
(b) comparison of radioactivities of isothermal models of fuel assemblies placed in the 
inlet and outlet sections of joined circuit with electromagnetic filter; 
(c) sampling of liquid samples from the loop and determination of content of suspended 
substances. 
The dependence of the content of suspended substances in the water of the loop on the 
time of experiment is displayed in Fig. 39, where the time intervals with the joined 
filter operative are shown. During these intervals, the amount of water flowing through 
the filter was 2.5 m1 per hour. It is pertinent from the plots that the filtration did 
not manifested itself either in the stationary operation or during shut-down of the 
loop (thermal transients). 
The summarized results of measurement of surface radioactivity on isothermal models are 

'* " * i e ť i n ЛОЛ 
presented in Fig. 40. For the purposes of comparison, the isotopes Co , Co and Sb , 
which had sufficient rates, were selected in order to exclude the error of measurement. 
The total surface ganuna-radioactivity has been also measured. Both sections have been 
exposed at temperature of 280"C,,flowrate of 2.5 t h , and switched-on magnetisation 
of the filter for 90 hours. From the pattern of the quantities measured the following 
conclusions can be drawn: 
(a) Radioactivities of Co and Sb do not exhibit greater differences in the inlet 
and outlet sections. 
(b) Radioactivity of Co has been found in the inlet section only. 
(c) Total gamma-radioactivity along the element is higher in the inlet section than in 
the outlet section. 
(d) Surface of the pin (rod) made of stainless steel exhibits radioactivity greater by 
one order than the surface of the zirconium rod. 
(e) radioactivities along the rod do not exhibit either decreasing or increasing ten
dency. 
The fact that Co has not been found in the filter outlet section can be caused by 
increased ability of the filter to retain CoFe.O. in comparison with fliFe.O. )see 
page 21 ). 
Low effect of filtration of water on surface radioactivity of the teat section can be 
explained by the fact, that mainly ionic and colloidal forms of radionuclides incorpo
rate into the corrosion layer which is formed on the rod surface, forming by this way 
the inner topotactic sublayer of the с>rroeion layer. The outer epitactic layer of 
corrosion products, formed by larger particles, is more subjected to erosion processes 
and does not add significantly to the surface radioactivity (see Fig. 41 ). These lar
ger particles ( > 1 /m) are already retained by the electromagnetic filter. 
The difference of radioactivities of stainless steel and zirconium tubes can be caused 
by two different mechanisms! 
(a) rate of diffusion of nuclides through laminar sublayer arising during flow of wa
ter along the rod and depending on the roughness of the surface and on the velocity 
of the flow; 
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(Ь) different velocity of formation of corrosion layer on the surfaces of stainless steel 
and zirconium rods. 
The hydrodynamical conditions on the rod surfaces are summarized in Table 12. 

T a b l e 12 
Hydrodynamical conditions on the rod surfaces 

Flow rate, Q 2.5 mJ/h = 6.944 x 10~4 mJ/s 
Temperature, T 150 290"C 
Reynolds number. Re 0.784 x 10 1.470 x 10 
Laminar sublayer,J 12.05 yum 12.06 Jim 
Surface parameters steel zirconium 
Roughness, R 0.56 iim 0.86 ш 

a 
Maximum peak-to-valley height 
of the prof ill, R 5.6 fim 6.7 /ш 

Becouse maximum roughness parameter R is smaller than laminar sublayer о (R < О ), the 
wall may be considered hydraulically smooth. Then, the second from above mentioned me
chanism is more probable. 

7.7.3. The exployment of filter to the determination of the particle deposition and 
erosion rates 

In the framework of cooperation with the Research Institute of Electric Power (VEIKI) 
in Hungary, we prepared experiment for joint determination of the particle deposition 
and erosion rates. The proposed experiment is described in VEIKIs report /38/. Preli
minary results of this experiment are summarized in Fig. 42. 
Particle source was the normal operation of the loop including the active reactor chan
nel. During long term operation of the loop a steady-state active particle concentration 
develops. 
This kind of measurement was completed (when local conditions allow) so that we let lar
ge active particle concentration (C ) onto a pipe section (e.g. flow from the EMF input 
or from the output of the filter but with no magnetisation where the equilibrium of de
position and erosion will develop (S..). Then we let a much lower particle concentration 
onto the same pipe section (C.) leading to the erosion of earlier deposits, where the 
erosion plays a dominant role at the beginning of the process. This lower particle con
centration may be obtained by switching-in the EMF magnetizing (see Fig 42). 
From these«-measurements the particle deposition and erosion rates may be calculated. 
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Fig. 43. Electron micrograph of crud filtration layer on ultramicrofilter. 
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8. CONCLUSIONS 

Results of measurements carried out in loop facilities can be summarized into following 

conclusions: 

<a) In-pile and out-of-pile loops are suitable means of investigation and study of cor

rosion processes anu mass transport in nuclear power plant primary circuit. 

(b) In study of transport phenomena in the loop, it is necessary to consider different 

geometrical similarity of the loop and the primary circuit, mainly the ratio of irra

diated and non-irradiated surfaces and volumes. 

(c) Experiments carried out in the out-of-pile loop are good first step for time consu

ming and organisationally exacting experiments in large in-pile loop. 

(d) In experimental facility simulating the WER-type nuclear power plant primary cir -

cuit, solid suspended particles with chemical composition corresponding most frequently 

to magnetite or nickelous ferrite, through with non-stochiometric composition 

Me Fe, 0., were found. 

<e) Changes of temperature in the facility are quite demonstrably the factor affecting 

the deposition of solid particles suspended in water. The values of coefficients of 

deposition determined in the experiment are higher than the coefficients of deposition 

found for steady operation of the WER primary circuit. 

(f) From the experimental results is follows, that crystallization on the outer oxide 

layer is the preferred mechanism of deposition of solid particles on the walls of the 

facility. 

(g) Continuous filtration of water by means of electromagnetic filter removing larger 

particles of corrosion products leads to a decrease jf radioactivity of the outer epi-

tactic layer only. Effect of filtration on the inner topotactic layer is negligible. 

(h) Experiments carried out evidenced the possibilities brought by the use of distant 

gamma spectrometry in study and monitoring of transport processes in the reactor water 

loop. 

(i)-For further work it would be useful to concentrate the effort onto: 

- collecting the experimental data needed for development of analytical model of trans

port of radioactivity; 

- experimental study of mass transfer on the heat exchanging surfaces. 
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