
ANS-ENS - International ANS/ENS Topical meeting on 
probabilistic risk assessment. 
Port-Chester,N.Y., USA, September 20 - 24, 1981. 
CEA - CONF 5993 

PROBABILISTIC STUDY OF PRIMARY PUMP 
TRIP IN A P.W.R. REACTOR 

p o C(^j 0 \ ̂  2-*A U S E 0 F RESPONSE SURFACE METHODOLOGY 

C. BARS*, B. DUCHEMIN"*: J.M. LANORE*"* 
N. MAIGRET*, J. PELTIER*, 0. ROSTAN 

M.J. de VILLENEUVE* 

COMMISSARIAT A L'ENERGIE ATOMIQUE FRANCE 
• DRE/SERMA CEN.SAC 91191 GIF SUR YVETTE CEDEX 
+• DSN/SAF CEN.FAR B.P. N* 6 92260 FONTENAY AUX ROSES 

ABSTRACT 

This paper describes a probabilistic study about the consequences of 
the trip or blockage of one of the three PWR reactor primary pumps. The 
distribution of the input parameters is taken into account and the resulting 
distribution of the consequence (number of failed fuel rods) is assessed. The 
necessity to do this study with the response surface methodology and the 
precautions to take are outlined. The results show that the probability to 
ha' » failed fuel rods is about 10*"* for pump trip and 0.16 for blockage with, 
in this case, a mean of 196 failed rods, that is 0.5 Z of total number of 
rods. 

INTRODUCTION 

In most of safety studies, accident calculations are performed in 
deterministic way, using pessimistic values for input parameters. Another 
approach is the probabilistic method which takes into account the parameter 
uncertainties and assesses the consequence distribution. However this more 
realistic approach needs a large number of time consuming calculations. 
Response surface methodology is one of the techniques able to deal with this 
problem. 

This method has been applied to PVR reactor primary pump blockage or 
trip accident. 

After a short description of the accident and of the means and hypotheses 
used to model it, this paper shows how this problem was handled using the 
response surface methodology and what conclusions can be drawn from such a 
study. 



ACCIDENT SCHEME 

The chosen accid-nt is a three loops PVR reactor (900 MW CP1 type) primary 
pump blockage or trip. By pump blockage we mean, for instance, the rupture of 
motor axis. By pump trip ve mean stop on inertial fly wheel. These phenomena 
are characterized by Tl/2 which is the time to divide the speed by two. More 
accurately let bio be the speed at time 0, the speed at time t is : 
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This accident leads to reactor scram with a delay taken as parameter. 
A best estimated pressure evolution with working of pressurizer regulation 
is iucluded. 

The main characteristics of the reactor are as following : 

TABLE I 

Nominal power : 2 775 Mvth 
Inlet core temperature 286*C 
Number of assemblies 157 
Number of fuel rods 41 448 
Volumetric flow rate 21 253 m3/h 
Number of primary pumps 3 
Nominal pressure 155 bars 
Number of delayed 
neutrons groups 6 
Doppler coefficient - 3,5 pcm/'C 
Moderator coefficient 0 pcm/'C 
Scram 10 000 pern in 2,3s 

The FLICA-PREF code, developed at CE.A., is used to compute the behavior 
of primary circuit during transient. The FLICA code is used for detailed core 
analysis and Departure from Nucleate Boiling (D.N.B.) calculations. 



CRITERIA AND PARAMETERS 

The fuel failure risk is characterized by appearance of critical flux on 
fuel rods. The Vestinghouse W3 correlation is used. We assume that the D.N.B. 
occurs when the D.N.B. Ratio bccones lower than 1.3. To characterize the impor
tance of failures we use the number of fuel rods submitted to critical flux. 

But it appeared that this value (number of fuel rods) was difficult to 
treat with the surface response methodology» because we get a discontinuity 
when this value reaches zero. It is easier to treat a parameter without 
discontinuity. We also choose another parameter which is the rod radial power 
factor. For each calculation, instead of evaluating directly the number of 
failed rods, we calculated the value of radial factor which leads to a D.N.B. 
Ratio of I.3. 

We plotted the surface response versus this parameter, and only after we 
transformed this values in number of failed rods, using the curve of the 
number of rods versus the radial power factor in the core. 

We took into account the probabilistic distribution of the more important 
parameters of the problem. 

TABLE II 

1 Values 

Name Meaning Lower Central Higher Unit Variation 
law 

W Power 0.94 1.04 1.06 Wo gaussian 

T C B Reactor trip delay 0.5 1.6 2. sec log-normal 
TI/2 Slowing down half time 0. 0.25 15.5 sec by points 
Q Mass flow rate 0.95 0.97 1.05 Q 0 

gaussîan 
T core entry temperature 283.8 287.5 288.2 centi gaussian 

grade 
degrees 

T *DC Thermal diffusion 0,038 0.050 0.080 gaussian T *DC coefficient 
A Hot channel cross 0.9473 

section 
0.9735 1.053 cm gaussian 

Where W , Q and A are respectively the nominal power, mass flow rate and hot 
channel cross section. 



The results of the thermohydraulic calculations lead us to envisage for a 
further study, two complementer) ways. 
- to group the parameters. For example, instead of calculating separately the 
influence of each parameter such as each geometrical characteristic of the 
fuel and channel, we may group all the tolerances in only one variable and . 
plot the curve versus this variable. This would be also possible for the 
law of power versus time including scran and delays. 

- to envisage multiple faults. In the present study we supposed that it was 
only one fault (pump trip) and that all the safety interventions ran well. 
It would be possible to envisage that either the pressuriser or the two 
other pump etc.... don't run well and lead to other consequences. 

RESPONSE SURFACE DETERMINATION 

To avoid a great number of time consuming accident calculations the 
response surface technique fits an algebraic approximation to the consequence 
values obtained with the accident analysis code. Once that fit is made all 
probabilistic questions can be easily explored on the fitted surface. 

Once we have parameters and criteria our next task is to choose the 
function which will describe our surface. Following several authors we assume 
second order polynomial in our seven parameters : 
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where : 
y is the central value 
x, some function of the parameter i 

a,, b., c . : coefficients of the polynomial expansion. 

In order to have a response surface more appropriate, we choose a reference 
point given as central point in the parameter table, corresponding to a number 
of rods different from zero. The number of rods getting a risk of burn-out is 
effectively equal to zero when all the parameters are at their nominal values. 
In order to avoid these inconvénients we transfered the parameters from the 
nominal values to the more pessimistic values given in table II. 

The radial factor which gives a burn-out ratio equal to 1.3 is equal to 
1.47 in this case. For a radial factor of 1.50 the risk of burn-out reaches 
135 rods. 



To get a better surface we need to transform our choosen parameters so 
that they show almost linear variation. To do so we examine the profile of 
our criteria versus each parameter, the others being at their central value. 
The parameter Tl/2 (slowing down half time) variation, as shown in fig.l, 
seems quite logarithmic so it was replaced by : 

x. (T 1/2) - - log 1 0 (T 1/2 • 0.75) 

The other parameters show linear profile. 

Following Vaurio (1) the surface is fitted, by quadrant, on a limited 
number of deterministic calculations. These calculations are made for well 
•elected points : central values for all but one or two parameters, middle 
and upper and lower bounds for one parameters ; middle values for two parameters. 
A map of the selected points is given in fig. 2 for the two parameters case. 
These calculations determine univocally the y , a., b. and c... 

' 'o* x' l IJ 
The accuracy of the radial factor which involves the burn-out was choosen 

to distinguish properly one point from the neighboring point used to fit the 
response surface. 

The variation range of the parameters was chosen in the domain of realistic 
evaluations. 

The response surfaces were plotted versus the radial factor, and then, 
the number of failed rods was deduced from the value obtained on the surfaces, 
in using a curve of distribution of fuel rods versus the radial factor. 

VALIDITY TESTS OF THE SURFACE 

To judge the adequacy of the approximation several qualitatif and 
quantitatif tests of the surface were performed. In particular as shown in 
table III, a few deterministic computations, with the accident analysis code, 
were compared with the response surface solutions, for some selected points 
which, of course, were not used to fit the surface. 



TABLE III 

V 
1 

TcB T 1/2 Q Te TDC A 

Sur- Inter
face « in i s t i c 

FRM 
(cho
sen) 

Failed rod 
number 
Sur- Deter-, 
face minist ic 

1.02 1.88 0 . 1. 288.2 0.038 0.9473 1.467 1.45 1.55 339 409 

1.06 2. 0 . 0.95 288.2 0.038 0.9473 1.38 1.35 1.65 4993 5637 

1.015 1.6 0.25 0.97 287.5 0.051 0.9735 1.502 1.50 1.50 0. 1. 

1.04 1.2 0.25 0.97 287.5 0.051 0.9735 1.504 1.50 1.50 0. 1. 

All these tests show a good representativity of the surface. They also 
show that great care must be taken if we wanted to get extrapolated values. 

SIMULATION METHODOLOGY 

Having selected and tested the polynomial approximation, the next step is 
to compute the distribution of the consequence using Monte Carlo method. So we 
get the distribution of the number of "so-called" failed fuel rods. The well 
known Monte Carlo technique consists in sampling each parameter according to 
its distribution law. Then we use the surface coefficients to compute the 
value of the consequence. This sampling is done a great number of times say 
10 000 to 20 000. 

From that distribution we get the probability of failed fuel rods. 



RESULTS 

This study is made for two cases : only blockage (0 < T 1/2 < I sec) and 
trip in general (0 < TI/2 < 15 sec) of one primary pump. For each case we 
computed the distribution of failed rods number and probability to get the 
corresponding conditions. 

a) Computed distribution 
In the first case (blockage) we find a mean of 196 fuel rods with 5 Z and 

95 Z confidence limit of 4 and 264. This mean value is less than 0.5 Z of total 
number of fuel rods. Obviously these result depend on the value used for peak 
radial factor (1.58 in ou»- case). In fi*. 3 the distribution histogram of failed 
fuel rods is given versu number of failed rods. This distribution histogram 
was built with 70 000 samples. From these 20 000 samples only 3 296 give failed 
fuel rods. In the second case (pump-trip) the number of failed fuel rods is too 
low to give a detailed distribution, only the global failure probability is 
evaluated. 

b) Computed probability 
Using these results we assess the global probability to have failed fuel 

rods in this accident : 
0.1648 in the blockage case 
1.5 10~4 in the trip case. 

CONCLUSION 

This study gives interesting results about the probabilistic analysis of 
the consequence of blockage or trip of one of the three PVR primary pump. It 
allows us to assess the probability to have failed fuel rods in such an accident 
and to evaluate the distribution of failed rods in the blockage case. Besides 
it gives many informations about response surface methodology. In particular it 
shows the importance of the following topics to get accurate results : continuous 
criteria, a few representative parameters, with well defined variation domain, 
careful test of the polynomial approximation. But this technique leads to 
considerable savings in computer time. In our case the surface determination 
took 2 sec and the simulation with 20 000 histories 20 sec of IBM370.168 computer 
and this is indépendant of the complexity of the deterministic calculation. It 
allows one to explore all probabilistic questions such as different parameter 
distribution laws, surface shape influence, parameter importance and so on. 

REFERENCE 

1 J.K. VAURIO "Response surface techniques developped for probabilistic analysis 
of accident consequences" in Proc. 
Topical meeting on Probabilistic analysis of Nuclear Reactor Safety. Los Angel 
(1978) p. II.2.1. 



Fig. 1 Radial factor variation versus slowing down half t 
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Fig. 2 Hap of selected deterministic points used to fit the surface 
in the two parameter care 
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Fig. 3 Failed fuel rod distribution histogram in the pump blockage case with 20 000 
the peck radial power factor equal to a constant value of 1.58. 
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