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IMPROVEMENT OF NSSS DESIGN 
TO REDUCE OCCUPATIONAL RADIATION EXPOSURE (O.R.E.) 

Operation of 900 MWe class PWRs in France and ;lgium has 
shown that average collective radiation doses due to iperacion 
and maintenance have increased less than in other countries such 
as the United States. This can be partly explained by -he fact 
that French PWRs are more recent, although the CHOOZ 3,3 MWe 
plane has exceeded ten operating cycles. Another reason is that 
the design precautions taken by FRAMATOME and the operating 
procedures established by Electricité de France help to keep the 
dose levels low. 

For example, the doses associated with a plant shut^wn 
are around ISO to 200 man-rem for the first years of operation. 
This corresponds, at equilibrium, to an annual dose of 30C Co 
400 man-ren after five years of operation as opposed to ar.- ave
rage of 600 to 8S0 oan-rem in the United St a. te». 

Collective doses are primarily (two-thirds) attributable 
to the activation of corrosion products, particularly cobalt and 
nickel. This produces radionuclides with long half-lives, e.g., 
five years for cobalt 60. 

As a result of its R & D activities, FRAMATOME has initia-? 
ted concrete measures to help to reduce personnel radiation 
exposure. These measures include reduction in the sources and 
quantity of activable products, and in the duration of personnel 
exposure during maintenance. 

For reducing Occupational Radiation Exposure, the following 
measures have been implemented : 

- Decrease the source and the quantity of corrosion pro
ducts susceptible of activation. 

- Seduce maintenance personnel exposure time through ade
quate training prior intervention on full scale mockups 
and by the means of using improved maintenance toolings. 

A better understanding of migration process has been obtai
ned by the development of analytical nodels and by the validation 
of these models by periodical doae field measurements on reactors. 

An optimized lithium hydroxide strategy for chemical control 
of the primary coolant is presently in use to reduce deposition 
of corrosion products on equipment surfaces. 
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Better specified materials used for the primary system and 

more strigent limitations on cobalt values for the structural 
materials and fuel materials can also contributes to louer do?es. 

The developement of improved filters such as high temperatu
re filters decontamination system prior intervention and mainte
nance toolings, for servicing steam generator and influx 
equipment, are also keys factors for reducing operating doses. 
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I - INTRODUCTION. 

Operating experience with 900 MW class nuclear units in 
France and Belgium has shown that average collective doses during 
plant operation and maintenance.are lover than those recorded 
in other foreign countries, including the Doited States. 

This fact can be attributed partly to the following : FWR's 
have been commissioned relatively recently in France and thus 
have undergone a lower number of fuel cycles. Only the 320 Mile 
CHOOZ plant has exceeded 10 fuel cycles. Furthermore, enhancements 
in FRAMATOME design engineering and Electricité de France's opera
ting procedures have minimized personnel exposure during mainte
nance and repair operations. 

The attached diagram (Figure I), shows the annual operational 
dose versus energy output during the reference year for U.S. plants 
and French main PMRs for various sites. 

For instance, each TWh of energy produced by French FURs 
corresponds to an annual dose of 38 man-rems. For a same quantity 
of energy generated in the US, the annual dose is 148 man-rems 
for FUT and 318 man-rems for BWR. 

In other words for a similar annual exposure of 660 man-rems, 
the GRAVELINES B Plant generated 22 TWh in 1983 while the NORTH 
ANNA twin plants generated only 11 TWh and RANCHO SECO (B 6 U) 
PUR, only 3 TVh. 

On average the annual dose for French plant is about 210 
man-rems in 1983 and annual doses for US plants .jre respectively 
580 man-rems for PWR (49 units) and 1040 man-rems for BWR 
(48 units). 

II - ORIGIN OF EXPOSURE DOSES AND METHODS FOR SEDUCING 

Two thirds of collective doses are a result of the activa
tion of corrosion products in the primary coolant system. The 
activated corrosion products in FWR consist of magnetite 
XEe.O.) Nickel and Chromium ferrite which are formed at elevated 
temperature and contain radionuclides with long half lives such 
as : Cobalt 60 : 5,2 years, Cobalt 58 : 71 days, Manganese : 
54 : 303 days, Chromium 51 : 27 days 

The radiation field around the reactor structures is the 
result of the deposition of these radionuclides in the oxyde 
layers, adherent to the internal surfaces of the primary circuit 
and structures cooled by the primary coolant. 
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FRAMATOME has implemented the following measures to reduce 
Occupational Radiation Exposure (O.R.E.) as part of its R & D 
program : 

- Decrease the source and quantity of corrosion products 
susceptible to activation. 

- Reduce maintenance personnel exposure time through adequa
te training and improved maintenance toolings. 

Four major steps have been considered to reduce the sources 
of activation products. 

II.1 - DETERMINATION OF CORROSION PRODUCT DEPOSITION 

AND MIGRATION PROCESSES. 

Experiments in test loops and in plant measurements have 
been conducted for qualifying the PACTOLE computer code developed 
by the CEA (French Energy Commission) for predicting dose rates. 

Periodical dose field measurements have been performed on 
French PWR since 1979. These measurements consist of recording 
the dose field values in 7 selected areas, 24 hours after plant 
shutdown. 

Measurements are made around primary equipment, near the 
primary piping and near the CVCS circuit (control volumetric and 
chemical system) and near the RHR (Residual Heat Removal System). 

The Table 1 gives the values measured on the Fessenheim plant 
unit I, after the 4th i_ycle, in March 19B2 and the corresponding 
predicted values calculated by the PACTOLE computer code are gi
ven between brackets. 

The predicted values are in good agreement with the measu
red ones. 

Several loops experiments have been conducted jointly by the 
CEA and FRAMATOME for qualifying the PACTOLE computer code. The 
most recent loop is the CORELE loop, which is a "one-through" 
loop with a "zero" release circuit made of Zircaloy. The purpose 
of this loop is to quantify the corrosion release rate of speci
mens made of stainless steel tubes, Inconel 600 tubes, at opera
ting temperatures and with flow conditions and chemistry similar 
to these occuring in a PWR. 

For operating reactor, a "decreasing" lithium hydroxide stra
tegy has been derived and is presently in use to reduce the depo
sition of corrosion products on equipment surfaces in the reactor 
coolant system (Figure 2). 
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The "decreasing" lithium hydroxyde strategy allows the 
maintain of Ph values which correspond to the minimal solubility 
of ferrite in the primary coolant and therefore to prevent the 
deposition of activated products on surfaces. 

II.2 - REDUCTION OF AMOUNTS OF ACTIVABLE MATERIALS. 

Two types of materials have to be considered : 

- In flux materials such as : 
. Fuel assemblies 
. Core support structures. 

- Primary system materials such as : 
. Steam generator inconel tubing 
. Hard facing materials used for valves, control rod 
drive mechanisms and centering keys. 

II. 2.1 - MATERIALS SUBMITTTED TO NEUTRON FLUX. 

Stainless steel and Inconel, materials exposed to neutron 
flux within the reactor, contain residual amounts of cobalt. 

Specifications restrict cobalt content to 0.080 Z, but in 
most cases, actual cobalt content in materials exposed to neutron 
flux is lower than the specified amount. 

In fuel assemblies, cobalt 58 is produced by activation of 
Inconel grids. In the FRAHATOHE developed Advanced Fuel Assem
blies (AFA), Inconel grids are replaced by Zircaloy grids with 
Inconel clip springs. PACTOLE program computations show potential 
reductions in O.R.E. of up to 30 Z, equivalent to 120 man-reos 
after S years of operation, when AFA assemblies are used. 

An another way to reduce O.R.E. is by improving the high burn 
up performance of fuel assemblies. The increase of interval 
periods between refuelling outages reduces the personnel exposure 
due to refuelling operations. Experimental fuel assemblies built 
by FRAGEMA are presently being irradiated for assessing the high 
burn up performance in commercial FVS. 

II.2.2. - PRIMARY SYSTEM MATERIALS. 

Considering the materials not directly submitted to neutron 
flux, the main contribution of activated corrosion products is 
given by the steam generator inconel tubing which represents about 
75 Z of FUR surfaces cooled by the primary coolant. 
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The choice of materials (Inconel 600) is governed by the 
corrosion resistance behaviour in primary and secondary chemis
tries. 

Several test facilities such as the "CLARINETTE" loop, have 
been built jointly between CEA.and FRAMATOME for testing the be
haviour of Incooel tubing iu adverse conditions such a* those 
resulting of condenser inlaakage or those related to accidental 
pollution coming from the feed water train, in order to verify 
the integrity of the tube bundle material. 

Cobalt is also present in stellit: which is commonly used 
for hard facing coatings (CROM, valves, centering keys...). 

Wear and erosion of hard faced materials, release Cobalt 
particles in the primary system and. contribute heavily to an 
increased dose field. 

FRAMATOME has undertaken tests to qualify alternate materials 
than stellites in order to replace Cobalt contained in stellite 
by either Cobalt free hard faced materials such as Colmonoy or 
Cenium alloy, or by thin hard faced coating containing low Cobalt 
content. 

In the first case, qualification of valve components hard 
faced with cobalt free material has been carried out in 1984 at the 
ESCRIME test facility which can simulate FWR operating conditions 
and valve component loading. 

In the second caue, FRAMATOME has successfully tested CRDM 
(Control Rod Drive Mechanism) latch arms coated with thin low 
Cobalt hard faced materials. 

Results obtained after endurance testing of components on a 
loop simulating PWR conditions, indicate a drastic reduction of 
wear rates and consequently a significant reduction of Cobalt 
particles within the prinary coolant. 

II.3 - REDUCTION OF CORROSION PRODUCT DEPOSITION. 

IX.3.I. - ELECTROMAGNETIC FILTRATION. 

A prototype of an electromagnetic filter built by FRAMATOME 
has been tested for 2 years in full scale operating conditions on 
a land based naval FUR and operated by the French Atomic Energy 
Commission (CEA). 
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This filter which operates in pressure and temperature con
ditions typical of a commercial FUR, has exhibited a retention 
efficiency of about 75 X of quantities of insoluble particles in 
extremely low concentrations < — 1 ppb). 

Industrial filters and a complete filtration system could be 
installed on the primary side of a FWR (see figure 3), providing 
certain building and structural changes have been made. 

Calculation and simulation made with Che PACTOLE computer 
code shows that with a 0.7 X filtration rate, Che dose rats is 
reduced by about 40 Z at the and of the 5th cycle of plant 
operation. 

Electromagnetic filters operating in hot conditions could 
be also installed on the feedwater system of steam generators 
for reducing the magnetite sludge build up on steam generator 
tube sheets. In that case,due to the high level of concentrstion 
of magnetite in the recirculation water of the steam generator 
significant reduction of magnetite build up, can be obtained due 
to the high retention efficiency of the filter d 90 X. 

There is an 80 Z reduction in crud deposition on tube sheets 
when 5 Z of the feed water flow is filtered. 

For electromagnetic filters, FSAMATOHE has filed patents on 
an original regeneration process which consists of sequential two 
phase flow backflushings. 

This process has the main advantage, compared to other pro
cesses, to decrease the volume of liquid effluents produced and 
to reduce the size and mainly the weight of the filter equipment. 

II.3.2. - BACKFLUSHABLE FILTERS. 

For conventional filtration of coolants in cold conditions, 
FRAMATOME is presently developing a backflushable filter associa
ted with a regeneration equipment and a crud transfer equipment 
in order to replace disposable cartridge filters subjected to 
activation and clogging which necessitate frequent periodical 
replacements. 

The filter developed is backflushed automatically and instan-
taneouly. 

A selection of adequate filtration media have already being 
done and an industrial filter is presently under construction. 
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II.4 - PERIODICAL DECONTAMINATION. 

Periodical decontamination ia presently considered for steam 
generator channel heads for facilitate steam generator tube regu
latory inspections and maintenance or repair works. 

There are two methods of periodic decontamination which have 
been developed : 

a) Mechanical decontamination through high pressure water spraying 
with or without additives such u boron oxide. 

Using the spraying technique developed by the CEA and a mechani
cal arm built by FRAMATOME, non active tests have been run on a 
steam generator channel head mock-up. Once testing is concluded, 
this technique will be introduced for use in steam generator 
channel head decontamination. 

b) The CANDECON process developed by London Nuclear, which 
consists of a dilute chemical decontamination process with rege
neration of decontamination agent, specially adapted to PWS 
conditions. 

Decontamination units mounted on mobile trailers are achie
ved and operational. 

The CANDECON process has been modified and specially tailo
red to PWR adherent oxyde layers. 

By using a 5 steps decontamination process including several 
REDOX sequences, experiment carried on steam generator channel 
heads have indicated decontamination factors of about 8 to 10 
could be reached. 

The main advantage of this dilute chemical decontamination 
process is that the radioactive species are fixed on resin beds 
under solid form. The reagent is regenerated and liquid wastes 
are minimized. 

To give an illustration, the activity corresponding to the 
decontamination of the total volume of the primary system (250 m ) 
could be entrapped under solid form on 30 m of spent resin. 
If decontamination is limited to the internal volume of steam 
generator channel head the required volume of spent resin is 
approximatively equal to 15 Z of the total volume to be deconta
minated. 

.../... 
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Ill - DEVELOPMENT OF REMOTED TOOLING. 

Maintenance on reactor equipment is carried out during plant 
shutdown. In order to reduce the occupational radiation exposure 
(O.R.E.) of maintenance personnel, the FRAMATOME Service Division 
has developed and built a large variety of remote operated toolings 
in order to avoid the presence of maintenance personnel in high 
radiation areas. 

Steam generators, which are part of the reactor coolant sys
tem, require various regular inspections and maintenance opera
tions covering primary and secondary sides. 

III.l - REMOVAL OF SECONDARY SLUDGE FROM STEAM GENERATORS. 

Oa secondary side, FRAMATOME has developed a mobile equip
ment for performing the sludge lancing of magnetite deposits which 
tends to build up on steam generator tube sheets during plant 
operation. 

The technique consists to inject high pressure spray water 
(ZOO bars) by the means of automatically driven lances penetrating 
in the steam generator by eyeholes penetrations located above 
the steam generator tube sheet (see Figure 4). 

The system consists of : 

- automatically driven high pressure lances servomotor units 
attached directly on steam generator eye hole penetrations, 

- a main trailer and an auxiliary trailer installed outside 
the reactor building, 

- piping and cables interconnecting the steam generators and 
trailers. 

In 1983, the sludge lancing of 10 units have been performed 
by FRAMATOME in France. 

III.2 - REMOTE TOOLING FOR STEAM GENERATOR PRIMARY SIDE. 

On primary side several remotsd tooling have been built for 
performing periodical inspection and maintenance of steam genera
tor tube bundles. 
Among them, we can mention : 

- The torquing machine for folding covers which allows the isola
tion of steam generator channel head from reactor coolant inlet 
and outlet nozzles. This remote controlled device is used to 
screw down folding covers inside the channel head on reactor 
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coolant inlet and outlet noz2les, and allow the operator to moni
tor each operation away from high radiation area. 
- The maintenance spider (see Figure 5) with its servicing equip
ment which could be installed and fixed on the steam generator 
tube sheet from the outside. This fully automated maintenance 
spider travels over the surface of Che tube sheet and can reach 
automatically its working position and be equipped with a wide 
variety of cools such as : milling machine, welding torch, obtu
ration plugs, eddy current probes, cameras.... 

This equipment presents an invaluable benefit for maintenan
ce because personnel is no longer needed to be present in high 
radiâtiop areas. 
- A remotly controlled mobile manipulator (see Figure 6) is pre
sently under development for performing large steam generator 
repairs inside the steam generator channel head. 

This manipulator is designed for having a stronger load capa
city than the maintenance spider and for expanding the possibility 
of repairs without the presence of personnel in high radiation 
areas. 

IV - CONCLUSION. 

Reduction of Occupational Radiation Exposure has been a long 
term FRAMATOME goal. A considerable on-going effort in R 4 D has 
been made to understand activation and crud transportation mecha
nisms. 

FRAMATOHE can provide clients with a wide range of speciali
zed services : 

- Recommend optimum control of reactor coolant system che
mistry using a "decreasing lithium" strategy to reduce activated 
corrosion product build-up. 

- Predict radiation build-up using the PACTOLE computer code 
and computations run over several fuel cycles. 

- Install equipment designed to minimize the quantities of 
activated wastes. 

- Aid clients in developing in-service and off-line periodic 
radiation monitoring techniques. 

- Offer periodic decontamination services of isolated compo
nents to reduce surface activity and facilitate maintenance 
inspection. 
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TABLE 1 • ACTIVITY MEASUREMENT AFTER THE 4TH CYCLE OF FESSENHEIM 1 (uCi/cm 3 l 

Component 
or system 

Location « C o , *°Co 59Fe M M n S 5 2n 

- Primary 
Piping 

cross over leg 
(°) 

20 ±2.5 
(17) 

13.4 ±2 
(121 (0.12) 

0.9±0.1 
(0.51 

0.47 

Hot leg 15 ±4.5 
(25) 

11±2 
113.5) 

1 
40.13) 

1.35 
1.11 

0.52 

- Steam 
generator 

Channel head 
(hot) side 

2s ±7 
(28) 

15±8 
(14.81 

0.58 
(0.18) 

2 ±0.8 
1.4 

0.9 

Channel head 
Iccid) side 

34±11 
(17) 

19±7 
(12) 

1.2 ±0.8 
10.12) 

2.7 ±0.5 
(0.5) 

Tube Bundle 4.67 ±0.7 
(3.4) 

2.5 ±0.12 
(2.4) (0.03! 

0.21 
(0.2) 

0.23 

- Auxiliary 
circuit 

eves 2.2S 
(1.7) 

1.44 
(1.24) 

0.06 
10.015) 

0.1 
(0.1) 

RHR 1.1 1.9 0.2 0.1 

STEAM GENERATOR CHANNEL 
HEAD CONTAMINATION 

ACTIVITY MEASUREMENT AFTER ONE CYCLE OF CHINON Bi 
INFLUENCE OF SURFACE CONDITIONS 

SURFACE CONDITIONS Cose CO60 MN54 

• A S RECEIVED (GRINDED) 100 100 100 

• G R I N D E D + MECHANICAL POUSHING 5 5 5 9 5 4 

HOT-SIDE 
O F T H E S G 
CHANNEL 

• G R I N D E D ELECTROLYTIC POLISHING 3 2 4 1 2 9 HOT-SIDE 
O F T H E S G 
CHANNEL • G R I N D E D + MECHANICAL POUSHING 

+ ELECTROLYTIC POUSHING 2 0 2 6 2 3 

CONCLUSIONS 
MECHANICAL POUSHING REDUCES BY A FACTOR [a] 
SUPERFICIAL CONTAMINATION 
MECHANICAL + ELECTROLYTIC POUSHING REDUCES BY A FACTOR [7] 
SUPERFICIAL CONTAMINATION. 



COBALT LIMITATION 

PRIMARY COMPONENTS SPECIFIED VALUES AVERAGE OBTAINED 
STATISTICAL VALUES 

REACTOR VESSEL 
CORE SHELLS 
CLADDING 

< 0.03 % 
< 0.2 % 0.03% 

REACTOR INTERNALS < 0.10 % 0.08 - 0.05 

STEAM GENERATOR 
TUBE BUNDLE 
INCONEL 600 
INCONEL 690 

< 0.10 % 
0.05 % 

0.010-0.045 

1500 MW STEAM GENERATOR 
INCONEL 690 < 0.035% 

COBALT LIMITATION 

FUEL ASSEMBLY 
ADVANCED FUEL ASSEMBLY AFA. 
ZIRCALOY GRIDS INSTEAD OF INCONEL GRIDS. 

VALVES 
REPLACEMENT OF COBALT BASED ALLOYS 
(STELUTES 55 % CO) BY : 

• COLMONOY 5. (77 % Ni • 11.5 % Cr - COBALT TRACES) 
• MARTENSITIC STAINLESS STEEL AISJ 440 C 

ORAFNORZ100CD17 
APPLICATION : FLOW REGULATING VALVE ON CVCS 

• CENIUM ALLOY - IRON BASED ALLOYS. 

CRDM 
- HARD FACED COATING OF STELUTED TOOTH GRIPPERS. 
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