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A. INTRODUCTION

1. At present, burnable poisons are currently used in LWR's to control

the behaviour of the core containing fresh fuel in the first cycle or after

a reloading.

In BWR's, the new assemblies are loaded with burnable poison pins

made of a mixture of Uranium and Gadolinium oxides ; it reduces the

initial reactivity investment in the new assemblies and thus improves the

reactor control (less control rods inserted in the core) and the power

distribution (flattening of the power sharing between assemblies).

In PWR reactors, burnable poison pins made of boron loaded pyrex

are distributed in the core for the first cycle to reduce the boric acid

concentration necessary to control the beginning -of life reactivity investment

and to reach more directly an equilibrium cycle. In this type of reactor,

the burnable poison pins are generally withdrawn at the end of the first cycle.

2. In the design of the fourth core of the pilot PWR BR 3 plant, BELGO-

NUCLEAIRE had to cope with problems of reactivity investment control and

power distribution modulation. A relatively large amount of U02-Gd2O3 pins

were loaded in the core and the characteristics of the core were well

assessed.

This experience enables to evaluate the effects of the use of Gd pins

as burnable poison in large PWR's and to deduce conclusions on the safety

point of view.
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B. EXPERIMENTAL BACKGROUND

3. A large experimental effort is being performed by BN in collaboration

with the CEN/SCK to improve the knowledge about Gd behaviour in LWR's.

The evaluation of the accuracies obtained and the possible adaptation of the

calculation procedures are made on the basis of two types of experimental

data f\J : - step 1 : study of the conditions at start of life

- step 2 : study of the pins evolution during irradiation

- step 3 : study of assembly behaviour in power reactors.

4. The first step is the purpose of a programme of critical experiments

performed by CEN/SCK in the VENUS facility and for which a few dismount-

able UO2-Gd2O3 rods are used. This programme is divided into two main

parts : a basic programme related to a systematic study of simple configu-

rations and a demonstration programme consisting in the mock-ups of

assemblies containing Gd.

5. The basic experimental programme is devoted to the study of the

UO2-Gd2O3 rod insertion in o regular lattices of U (4 % U235) or mixed

oxides (2 % Pu and 2. 7 % U235) fuels. The measurements carried out on

critical configurations consist in integral and fine structure data investigat-

ions, namely (see Fig. 1} :

- critical mass and Gd reactivity effect ;

- power distributions of several UO2-Gd2Ü3 rod patterns ;•

- disadvantage factor for the UO2~Gd2O3 rod ;

- flux distribution inside the UO2-Gd2O3 rod ;

- flux distribution for several UO2-Gd2O3 rod patterns.

As an example, Fig. 1 shows the Mn activation inside the Gd rod

inserted in a Pu fuel lattice and in a U fuel region. The presence of Pu

reduces the Gd effect because of the harder spectrum of this medium.

Nevertheless the Mn activation depression is important, despite the non

negligible epithermal contribution to this activation.
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6. The mock-up experiments are carried out whenever an experimental

support to the design calculation is needed before the insertion of assemblies

in a PWR. In that case, the reactivity effects and the power distribution

perturbation due to Gd rods are measured. For instance, mock-up experi-

ments were carried out before the loading of Pu enriched assemblies for

the BWR of Dodewaard and also for the design of the BR 3/4A core which

will be detailed in the paragraph hereafter.

7. The second step in the knowledge of Gd rod behaviour consists in the

follow-up of rods during irradiation. It is the purpose of an irradiation

programme planned in the Materials Testing Reactor BR 2. This programme

is detailed in ref. 2 and is being carried out ; to summarize, it consists in

the irradiation inside a channel of the reactor of fuel rods with various

initial Gd enrichments. These irradiations will be associated with an ex-

tensive data acquisition programme comprising non destructive examination

(gamma-spectrometry and neutron-radiography) of the fissile isotopes and

the Gd isotopes, to follow their evolution in the rods during irradiation and

post-irradiation destructive analyses to either the control or the calibration

of the results obtained by the non destructive methods.

8. The third step of experiments is the follow-up and surveillance of the

assemblies in power reactors. Three BWR assemblies enriched with Pu and

containing Gd rods were irradiated successfully in the Dodewaard reactor /%/.

In the BR 3/3B, the core management required the use of burnable poisons.

Eight fresh assemblies supplied by BN contained one Gd bearing rod while

four more assemblies supplied by ACEC contained pyrex rods. The BR 3/3B

was operated from July 1974 to June 1975 resulting in an average burnup

accumulation of 8500 MWd/t.

9- As part of the supply of core 4 and the related core management and

surveillance, it was decided to utilize Gd to a broad extent in order to

improve the cycle duration and reactivity coefficients and to control the

power distribution. The core 4 design and behaviour are commented in the

following chapter.
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C. CORE 4 BEHAVIOUR IN THE BR 3 PWR REACTOR

10. The power reactor BR 3 of 40. 9 MWth is located at the CEN/SCK

for electricity production and for testing fuel design and fabrication in PWR

conditions. Fig. 2 shows a cross section of the last core called "BR 3/4A"

core. It consists of 73 assemblies and 18 water holes in which control and

safety rods can be inserted. As indicated on Fig. 2, 31 assemblies were

irradiated in preceding cores and 42 are fresh assemblies among which 19

assemblies contained Gd rods representing 5 % of the total number of fuel

rods. It can be seen also that this core included 43 assemblies with PuO£-

UO2 rods on a total of 73 assemblies. The core was operated from July

1976 to April 1978 corresponding to 500 EFPD and to an average burnup

increase of 22, 000 MWd/tM in one single cycle. This long cycle duration

is due to the very large reactivity investment in the core. During core

life, a part of this reactivity investment was controlled by the Gd rods (the

other part by boric acid as soluble poison). One can see on Fig. 2 the

variation of the critical boron concentration in water versus core life.

As the burnup. of the core proceeds, the depletion of the Gd leads to in-

crease the boron concentration in the first phase before the general decrease

in the second part of core life. It results in a boron curve which was

flatter than for a PWR controlled without burnable poison and in a boron

concentration always remaining under 450 ppm at power, instead of approxi-

mately 1000 ppm.

11. During the core 4A life, three main campaigns of physics measure-

ments were performed respectively at about the beginning, mid and end of

life of the core [\J• Table 1 summarizes some results of these measure-

ments, which show especially the core characteristics at mid of life. At this

stage of core life, the Gd has disappeared from the high flux zones of the

core having a high importance factor on the reactivity values. This is also

illustrated on Fig. 2 where the differential reactivity £? versus control rod

insertion (h) is plotted for mid and end of life. The eftect of flux peaks in

the central zone appears clearly at mid of life, while the flux is flattened
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at end of life due to fuel depletion. On a general way, the use of burnable

poison has led to core characteristics which varied slowly during a long

period of core life to reach end of cycle conditions similar to those of an

usual PWR without poison.

D. EXTRAPOLATION TO THE EQUILIBRIUM CYCLE OF LARGE PWR

12. The experience obtained from the BR 3 operation has suggested to

extrapolate the consequences of such a control policy to large PWR's

(particularly in the case of a possible Pu recycling). In the present paper,

only the safety aspects will be investigated excluding other fields of interest

such as the fuel cycle economy or the related design problems. The Gd as

burnable poison for PWR's is more particularly studied in this paper.

Nevertheless, some conclusions are also valid for other kinds of burnable

poisons which could be inserted in a PWR.

13. As seen before, the characteristics of the core depend on the way

the Gd is depleted during core life. For example, the peak power, the safe-

ty and control rod worth can vary strongly from beginning to mid of life.

Consequently, the use of Gd in LWR lattices is "a priori" more complicated

and requires a good knowledge of the physics and technological properties

of this element for the design and safety calculations. It is thus necessary

to possess more experience and to validate the design methods to reach the

same level of accuracy during the irradiation of the core, as for a core

without burnable .poison.

14. When the calculation methods are well validated, the use of Gd in a

PWR core allows the designer to use at least four more parameters to op-

timize the core cycle design and so to meet the performance and safety

requirements : Gd enrichment, number of burnable rods, radial location and

axial distribution. For example, through an adequate Gd distribution, it is

possible to modify the total control rod worth (radial distribution of Gd) and

the differential control rod worth versus height (axial distribution of Gd).
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An increase of the reactivity worth of the absorbing rods (total and differ-

ential) leads to an increase of the shutdown margin and of the effectiveness

of the control rod insertion. It results in a benefit for the accident analyses

where these characteristics are important ;e .g . loss-of-coolant, steam line

break, etc. On the other hand,- the situation could be worse in the case of

the rod ejection study, since the value of the most reactive rod could be

increased.

15. In the case of Pu recycling, Gd rods are appealing for either the

transient cycles (UG"2 to UO2-PUO2) and/or the equilibrium cycles. In the

first case, burnable poisons can compensate for the power sharing between

Pu assemblies and U ones. In the second case, one of the factors limiting

the number of Pu assemblies is the capability of the safety system to cope

with in all the accident situations. The limited number of absorbing rods

designed for a UO2 core can be supplemented by an adequate distribution

of Gd rods in the assemblies.

16. For the core behaviour, the main features are the possibility to get

a longer reactivity lifetime for the same maximum boric acid concentration

or to reduce the boric acid concentration for the same reactivity lifetime.

furthermore this concentration can be kept more constant by an adequate

design of the burnable poison, as indicated hereabove. When operating at a

reduced boron concentration, the reactivity effect of boron is relatively

larger throughout life than for the reference case and consequently the safe-

ty injection of boric acid is more effective. As the boron concentration

curve is flatter, the number and possibly the range of boron dilutions are

reduced, hence this decreases the probability of an uncontrolled boron

dilution accident.

17. Using Gd in a standard PWR lattice does not practically modify the

water to fuel ratio. With the reduced baron concentration, the moderator

temperature coefficient is more negative during the cycle, since the positive

contribution of boron absorption is reduced and consequently the reactivity

effect from the hot to cold reactive state is also larger. The consequences
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on the accident analytsis depend on the type of the investigated accident.

There is a benefit in the study of loss-of-coolant, loss-of-flow and anticipated

power transients because of the negative reactivity feed-back of the core ; on

the contrary, in case of steam line break, excessive increase of load, etc. . .

the reactivity insertion to be controlled is larger when going from the hot to

a colder state of the primary circuit.

18. In large PWR's, the boric acid concentration is one of the most im-

portant terms of tritium production in the primary circuit (the second one

being the tritium produced by ternary fissions in the fuel and permeating

through the cladding). There is still a large uncertainty about the respective

contributions of these two terms, but a rough figure could be 50 % for the

boric acid contribution. Using Gd as burnable poison could save about 30 %

of the total tritium released in the primary circuit which represent a few

hundred curies per year. During a long part of the cycle, the' concentration

of boron remains relatively constant ; this leads to a reduction of the number

of dilution operations as burnup proceeds and thus decreases the environ-

mental impact of primary water releases.

19. Some advantages also appear in the fuel storage and handling. For

example, fresh assemblies with (Gd-U) rods could be stored in a reduced

lattice with the same safety conditions thanks to their smaller effective mul-

tiplication factor. After irradiation of one cycle, the (Gd-U) rods remain in

the assembly. This avoids the handling of burnable poisons clusters as is

the case for the pyrex burnable poison rods, decreases the integral doses to

the workers and the amount of radioactive wastes. On the other hand, if

burnable poisons are used to obtain longer cycles, the number of reloadings

decreases for a same energy production. The time for the associated handling

operations is smaller and the integral doses to the workers are strongly

reduced considering their large contribution to the total.

20. Table 2 summarizes the consequences of using (Gd-U) rods in a

large PWR at equilibrium cycle.
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E. CONCLUSIONS

21. The Gd2O3"UO2 enriched rods have been largely experimented in the

world in BWR's. The BR 3 experiment suggested that it is feasible and in-

teresting to use this type of burnable poison for a PWR. The present

analysis was focused on the interest and the disadvantages of using Gd in

PWR on the safety point of view. It appears that an extended programme is

necessary to increase the knowledge about Gd behaviour. Doing so, at least

four parameters are available to the designer to increase the cycle perfor-

mance of a PWR. The major interest is related to the rather constant

boron concentration in water and at a level much lower than the one present-

ly reached for a same cycle length. The balance is definitely positive on the

safety point of view. ' ' •

22. It is suggested to pursue the study for an optimized equilibrium

cycle of a large PWR with Gd in order to evaluate the balance between the

larger uncertainties and complications in the design on the one hand and the

benefit for operation safety, environmental effect and for cycle economy, on

the other hand.
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TABLE 1

RESULTS OF MEASUREMENTS IN THE BR 3/4A CORE CONTAINING Gd BURNABLE POISON.

*""'—'-— „.„ „^^gTATUS OF THE CORE

CHARACTERISTICS ''^1***^H-1=iawi><ii<i^^

MEAN ARE BURNUP (MWd/tM)

EQUIVALENT FULL POWER DAYS

POWER EFFECT 0 % TO 100 % (PCM)

XENON REACTIVITY EFFECT (100 %) PCM

MODERATOR TEMPERATURE
COEFFICIENT (PCM/°C)

BORON REACTIVITY EFFECT (PCM/PPM)

RODS C REACTIVITY WORTH (PCM)

RODS D REACTIVITY WORTH (PCM)

BEGINNING
OF LIFE

1560

35

1280

2255

4 0

-16.1

3110

3110

MID
OF LIFE

7120

161

1074

2400

<o

-15.1

3340

3440

END
OF LIFE

18780

424

1445

2130

-9.5

-19.6

3940

3760



TABLE 2

SUMMARY ON THE EFFECTS OF Gd INSERTION IN PWR's

ITEMS

1. DESIGN OF THE Gd
REPARTITION

2. CONTROL OF THE
REACTIVITY
INVESTMENT

3. BORIC ACID REDUC-
TION & CONCENTRA-
TION KEPT MORE
CONSTANT EFFECT
ON CORE BEHAVIOUR

3. 1. INCREASE OF
REACTIVITY
WORTH OF BORIC
ACID

3.2. TEMPERATURE
COEFFICIENT
MORE NEGATIVE

3. 3. INCREASE OF THE
REACTIVITY
WORTH OF THE
SAFETY RODS

4. ENVIRONMENTAL
IMPACT (POPULA-
TION & WORKERS
DOSES)

INTEREST

4 MORE PARAMETERS
FOR FLUX SHAPING AND
REACTIVITY CONTROL
(E, N, LOCATION)
BETTER CONTROL OF
TRANSIENT CYCLE

BORIC ACID REDUCTION
& CONCENTRATION
MORE CONSTANT

OR
LARGER CYCLE LENGTH

LARGER REACTIVITY
WORTH OF BORON4B,
TEMPERATURE COEFF-
ICIENT -JÍT MORE
NEGATIVE
LESS DILUTION
OPERATION

SIBA SYSTEM
MORE EFFECTIVE .

-

LOCA, LOF, TRANSIENT
OVERPOWER

BETTER CONTROL
INTERESTING FOR Pu
RECYCLE

LESS PRODUCTION OF T
LESS LIQUID WASTE
LESS BP WASTE SUGH AS
PYREX RODS IMPROVE-
MENTS IN STORAGE AND
HANDLING

DISADVANTAGE

COMPLICATED DESIGN
MORE EXPERIENCE
REQUIRED

STEAM LINE BREAK
INCREASE OF LOAD

ROD EJECTION
MORE EFFECTIVE



VENUS CRITICAL EXPERIMENTS WITH GADOLINIUM
POISONED FUEL *
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1 dismount able rod
U02-Gd203 2.55-1(1)

COMMON PROGRAMME FOR BOTH CONFIGURATIONS

_ Critical mass
"_ power distribution
_ disadvantage factor for the U02-Gd203 rod
_ flux distribution Inside the UO2-Gd2O3 rod
_ flux distribution for several U02-Gd203 rod

patterns.

EXAMPLES OF CONFIGURATIONS

Fig.1
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