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Abstract 

In support to a PSA performed at the design level on the 2400 MWth Gas-cooled Fast Reactor, the functional 
reliability of the decay heat removal system working in natural circulation has been estimated in two transient 
situations corresponding to an “aggravated” Loss of Flow Accident (LOFA) and a Loss of Coolant Accident 
(LOCA). The reliability analysis was based on the RMPS methodology. Reliability and global sensitivity 
analyses use uncertainty propagation by Monte Carlo techniques. The results obtained on the reliability of the 
DHR system and on the most important input parameters are very different from one scenario to the other 
showing the necessity for the PSA to perform specific reliability analysis of the passive system for each 
considered scenario. The analysis shows that the DHR system working in natural circulation is a very reliable 
system in case of LOFA situations even when only one DHR loop is available. On the other hand, its reliability 
has to be improved in LOCA situations. This analysis shows the way to make this improvement in specifying 
the main uncertainties, which could to be reduced.  

Keywords: Gas-cooled fast reactor, passive system, natural circulation, reliability 

. 

1. Introduction 

Probability Safety Assessment (PSA) of nuclear power plants has demonstrated its efficiency in 
decision-making process. The interest of a PSA on a reactor equipped with safety passive systems is in 
analysing if these systems improve reactor safety and if yes, in determining the design limits and 
operating conditions to be respected. But the treatment in PSA of safety passive systems, specially 
those implementing moving working fluid (category B passive systems), is a difficult task because in 
addition to the mechanical failures of its components (hardware failure), the failure of the system in 
achieving its intended design function, referred as functional failure (Burgazzi 2002) has to be 
considered. The difficulty in the evaluation of this type of failure risk lies in the great number of 
parameters that must be taken into account, in their associated uncertainties and in the limitations of 
physical modelling. A PSA has been developed by CEA (Bassi 2010, Balmain 2011) to support the 
design of the 2400 MWth Gas-cooled Fast Reactor (GFR). We present in this paper the functional 
reliability analysis carried out for the passive decay heat removal system (DHR) of the GFR, in 
support to this PSA. The reliability of the DHR system has been studied in two accidental situations. 
For these two situations, we have considered that all the active features cannot operate and that the 
only way is completely passive using natural circulation. The thermal-hydraulic calculations have 
been performed with the CATHARE2 code (Messié 2007, Bentivoglio 2007). Various failure criteria, 
different for each scenario, have been considered. The reliability analysis is based on the RMPS 
methodology (Marquès 2005). Reliability and global sensitivity analyses use uncertainty propagation 
by Monte Carlo techniques. The function of DHR system is described in Section 2; the two scenarios 
are presented in Section 3, the failure criteria in Section 4 and CATHARE modeling in Section 5; 
identification and quantification of uncertainties and their propagation are described respectively in 
Section 6 and 7; estimations of failure probabilities for each scenario is presented in Section 8; global 
sensitivity analysis is described in Section 9 and conclusion is given in Section 10. 
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2. DHR system description and function 

The DHR system (Figure 1a) consists of 1) three dedicated DHR loops: the choice of three loops 
(3x100% redundancy) is made in assuming that one could be lost due to the accident initiating event 
(break for example) and that another one must be supposed unavailable (single failure criterion); 2) a 
metallic guard containment enclosing the primary system (referred as close containment), not 
pressurized in normal operation, having a free volume such as the fast primary helium expansion gives 
an equilibrium pressure of 1.0 MPa, in the first part of the transient (few hours). Each dedicated DHR 
loop (Figure 1b), designed to work in forced circulation with blowers or in natural circulation (NC), is 
composed of 1) a primary loop (cross-duct connected to the core vessel), with a driving height of 10 
meters between core and DHX mid-plan; 2) a secondary circuit filled with pressurized water at 1.0 
MPa (driving height of 5 meters for natural circulation DHR); 3) a ternary pool, initially at 50°C, 
whose volume is determined to handle one day heat extraction (after this time delay, additional 
measures are foreseen to fill up the pool).  
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Figure 1: a) view of the primary circuit (DHR loops in blue) and the close containment. b) scheme of a DHR loop. 
 

 

The design specifications of the DHR system have been proposed (Malo 2007) according to a strategy 
presented in the figure 2: the selected combination of systems is shown, considering the two main 
accidental situations families with maintenance of the primary pressure near to the nominal pressure 
(LOFA, etc.) and with a backup pressure resulting from a LOCA. In addition, the situation related to a 
primary pressure reaching 0.1 MPa (corresponding to a combination of LOCA and a leak of the close 
containment) has been addressed. According to this strategy, the Natural Circulation (NC) of gas, 
through the DHR system is foreseen: 1) for pressurized situations (i.e. with intact helium pressure 
boundary), 2) for depressurized situations (i.e. with non-intact helium pressure boundary) with the 
supply of the dedicated nitrogen-filled tanks discharge. For the later, owing to the poor NC capability 
of gaseous coolant, a back-up pressure level is provided thanks to the close-containment. 
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• Figure 2. Schematic of the first reference DHR strategy based on mixed natural and forced convection systems. 

•  

3. Scenarios selected for NCDHR reliability evaluation 

Two transient scenarios are selected to be representative of the situations of interest regarding the 
natural circulation DHR process for the GFR: 

1) A Station Black-Out (SBO) initiating event, i.e.: loss Of Station service Power (LOSP) cumulated 
with all Emergency Diesel Generators failure to start; with only one DHR loop available. This 
“aggravated” LOFA transient is considered as an envelope case of the pressurized situations despite its 
very low occurrence frequency.  

2) A 3 inches diameter LOCA initiating event (maximum bounding size of Small-Break LOCA), 
located on the cold part of a main cross-duct, representative of depressurized situations; with a total 
loss of forced circulation DHR means (DHR blowers fail to start by example), with two DHR loops 
available and with nitrogen injection from the N2-filled tanks in order to ensure a sufficient back-up 
pressure level (primary circuit linked to the close containment). 

The sequences of events corresponding to the two scenarios are depicted in Figure 3. For the first 
scenario, scram is performed at initiating event; for the second scenario, scram is performed when the 
close containment pressure becomes higher than 130% of its nominal value (it is the way selected to 
detect the leak due to the 3 inches breach). For both scenarios, the main blowers are stopped at scram; 
then there is a phase of reduced velocity of the blowers, which continue to run on their inertia. When 
the helium mass flow rate at core inlet becomes less than 3% of nominal one a sequence starts with the 
isolation of the main loops and the connection of the DHR circuits. In the second transient, the 
nitrogen injection from the three accumulators starts when the lower plenum pressure becomes lower 
than 1 MPa (initial pressure is close to 7 MPa).  
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Figure 3: Transient event sequences defined for LOFA and LOCA scenarios. 
 
 

4. Failure criteria 

The two scenarios belong to category 4 situations (frequency ranging from 10-6 to 10-4) for which the 
preliminary acceptance criteria are given in Table 1. These maximal temperatures and pressure have 
been defined to insure a margin up to the physical integrity of the components considered (clad, core 
upper structures, DHR loop structures and close containment).  

 

Criterion LOFA 
transient

LOCA 
transient

DHR loop structural integrity 
Maximum temperature of DHR structural material (stainless 

steel) 

 
850 °C 

 
850 °C 

Coolability and core integrity 
Maximum clad (SiC coating) temperature 1600°C 1600 °C 

Core upper structures integrity 
Maximum temperature of gas at core outlet (hot channel 

outlet) 
1250°C 1250 °C 

Nitriding and exothermic reactions 
Maximum clad temperature - 1000 °C 

Close containment integrity 
Maximum pressure in the close containment - 1.4 MPa 

 
 

Table 1: Failure criteria for transients 1 and 2 

 

 

5. Modelling 

The calculations have been performed with the CATHARE2 code. In addition to the circuits 
represented in the figure 4, a large free volume used to describe the spherical close containment and 
three nitrogen accumulators (540 m3, 7.5 MPa) have been modeled in the second scenario. The 
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transient calculations has been performed over 7100s for transient 1 and over 21600s (6 hours) for 
transient 2. 
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Figure 4: Schematic drawing of the GFR CATHARE modelling. (a) Volcold, (b) Downcomer, (c) Lowerplenum, (d) Core, (e) 

Upperplenum, (f) Hotduct, (g) IHX primary side, (h) Colduct, (i) primary blower, (j) primary isolating valve, (i) accumulators, (k) 
IHX secondary side, (l) Turbine, (m) GV gas side, (n) Compressor, (o) Bypass line, (p) Bypass valve, (q) GV water side, (r) generator, 

(s) DHR primary loop, (t) DHR blower, (u) DHR isolating valve, (v) DHR primary heat exchanger, (w) DHR secondary loop, (x) 
DHR secondary heat exchanger, (y) DHR water pool, (z) Helium accumulators. 

 

 

5.1  Reference results on scenario 1 (LOFA) 

The reference calculation, with nominal values of the input parameters, has shown that only one DHR 
loop working in natural circulation fulfills perfectly its mission. A stable flow-rate of about 30 kg/s is 
quickly (in less than 100 s) established in the DHR loop and is maintained up to the end of the 
transient during the natural circulation phase. During two hours (time considered in the study) from 
the beginning of the transient, the heat removal is sufficient and all failure criteria are respected, with 
values staying well below the safety limits. A maximum of clad temperature (criterion 2) equal to 
1054°C is obtained at 195s, after the sequence involving isolation of the main loops and connection of 
the DHR circuits (Figure 5a). The maximum of gas temperature (criterion 3) is equal to 1034°C. 

5.2  Reference results on scenario 2 (LOCA) 

The reference calculation, with nominal values of the input parameters, has shown that two DHR 
loops working in natural circulation fulfill their mission with the help of nitrogen injection from 
accumulators. After nitrogen injection, a flow-rate of at least 50 kg/s is maintained up to the end of the 
transient during the natural circulation phase. During six hour from the beginning of the transient, the 
heat removal is sufficient and all failure criteria are respected, with values staying below the safety 
limits: a Peak Clad Temperature (PCT) (criterion 2) equal to 1404°C at first peak is obtained at 624s 
and a second peak (criterion 4) equal to 840°C is observed at 6206s after nitrogen injection (Figure 
5b), the maximum of gas temperature (criterion 3) is equal to 1241°C; however the margin is only 9°C 
for this third criterion. 
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Figure 5: Clad temperatures in the central channel of the core  

 

6. Identification and quantification of uncertainies 

In order to identify the main sources of uncertainties in the estimation of the quantities associated with 
the failure criteria, sensitivity analyses have been performed for a number of input parameters in the 
CATHARE2 calculations. Classical OAT (One-at-A-Time) analysis, which varies one factor from the 
nominal condition, the others being kept at theirs nominal values, has been used for this sensitivity 
analysis. 

6.1  Scenario 1 (LOFA) 

Among the 24 parameters studied (Table 2), very few have a significant influence on the transient, in 
the area investigated. The major effect is produced by the additional singular pressure drop coefficient 
of 674 (estimated by CFD analysis), which simulates the stopped DHR blower. In this case, the 
increase of clad and helium maximal temperatures in the core reaches 600°C over the reference case 
and the third criteria (maximal temperature of gas) is greatly exceeded (by 400°C). The primary 
blower inertia has a noticeable effect on the transient sequence and on the whole system parameters. 
Initial power, delay between primary valves closure and DHR valves opening and wall inertia are 
others parameters of influence. All remaining parameters have a very limited impact on the transient. 
Especially uncertainties on materials properties play a very limited role. For the next reliability 
analysis phase, the ten most relevant uncertain input parameters have been selected (in bold in Table 
2); these selected parameters are supposed to follow uniform distributions. The singular pressure drop 
due to the stopped blower will not be taken into account, considering that a by-pass will be installed 
and that, in this case, the uncertainty on this parameter will not have a significant effect; in the PSA 
analysis, however the reliability of this by-pass will have to be considered.  

6.2  Scenario 2 (LOCA) 

The effects of 27 input parameters on the four responses of interest (1st PCT, 2nd PCT, maximum 
temperature of gas at core outlet and maximum pressure in the close containment) have been studied 
independently. Table 3 gives the list of these 27 parameters with their range of variation. In all the 
OAT cases, the clad temperature criteria are satisfied, but the criterion on the gas maximal temperature 
is exceeded several time and the criterion on the close containment maximal pressure one time. Table 
4 presents the OAT cases of the parameters giving exceedance of the failure criteria; these parameters 
have been chosen for the reliability analysis and they have been modeled by normal distributions. Note 
that the effects of some parameters (i.e. pressure for accumulator discharge, helium-clad heat transfer 
coefficient…) on the first and on the second peak of clad temperature are contradictory, generally 
because an early nitrogen injection limits the first peak but is unfavorable for the second, the nitrogen 
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accumulators being empty earlier. This gives a glimpse of the difficulties in the design of the reactor in 
finding an optimum for these parameters.  

 

N° Parameter Selected 
N° 

Reference Min 
value 

Max 
value 

1 Secondary DHR loop pressure (MPa)  1 0.7 1.3 
2 Plate-type core laminar pressure drop coefficient 1 1 0.85 1.15 
3 Singular pressure drop coef. for DHR stopped blower  1 - 674 
4 Natural leakage from primary circuits to containment 

(kg/s) 
 0 - 0.02 

5 Singular pressure drop coefficients for core channels  K K*0.9 - 
6 Singular pressure drop coefficient at DHR IHX inlet 2 1 - 10 
7 Singular pressure drop coefficient at DHR IHX 

outlet 
3 1 - 10 

8 DHR pool temperature (°C)  50 42.5 57.5 
9 Helium-clad heat transfer multiplicative factor 4 1 0.95 1.05 
10 Multiplicative factor for all wall thermal inertia 5 1 0.85 1.15 
11 Corrective factor for HT in DHR IHX 6 1 0.9 1.1 
12 Corrective factor for HT in DHR pool  1 0.5 1.5 
13 Delay between main loop closure and DHR loop 

opening 
 6 - 26 

14 Core flow rate threshold for primary valve closure  3% Qnom 2.5% Qnom 3.5% Qnom 
15 Core nominal power 7 Pnom 0.98 Pnom 1.02 Pnom 
16 Core residual power 8 Pres 0.9 Pres 1.1 Pres 
17 Primary blowers inertia 9 Iref 0.75 Iref 1.25 Iref 
18 Main circuit pressure (MPa) 10 Pmain 0.8 Pmain 1.2 Pmain 
19 Heat exchange coef. for DHR cross-duct insulation 

(W/m/K) 
 0.6 0.1 10 

20 Homogenized fuel specific heat capacity  ρ.CpFUEL = f(T) -10% +10% 
21 Homogenized fuel thermal conductivity  λFUEL = f(T) -10% +10% 
22 Helium specific heat (J/kg/K)  5193 -10% +10% 
23 Helium thermal conductivity   λHE = f(T) -10% +10% 
24 Helium dynamic viscosity  µHE = f(T) -10% +10% 

 
Table 2: Parameters studied for scenario 1 (LOFA) 
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N° Parameter Selected 
N° 

Reference Min value Max 
value 

1 Core total pressure drop  1 -15 % +15% 
2 Inlet k-factor in DHR primary loop  1 0 2 
3 Outlet k-factor in DHR primary loop  1 0 2 
4 Helium clad heat transfer coefficient 1 K -25% +25% 
5 Multiplication factor for thermal inertia for all walls  1 -15 % +15% 
6 Corrective factor for heat transfer in DHR IHX 2  -25% +25% 
7 Core nominal power 3 Pnom -2% +2% 
8 Core residual power 4 Pres -10% +10% 
9 Primary blower inertia 5  -25% +25% 

10 Main circuit pressure (MPa)   -0.2 0.2 
11 SCRAM actuation (Pcontainment in bar) 6 1.3 1 2 
12 Accumulators discharge (Primary pressure in bar) 7 10 8 12 
13 Delay between main loop isolation and DHR conection (s)  6 4 10 
14 Gas mixture viscosity  Wilke law -5% + 5% 
15 Gas mixture conductivity 8 Mason & 

Saxena law 
- 10% + 10% 

16 Gas mixture heat capacity 9  -5% +5% 
17 Close containment leakages (kg/s)  2 10-4 - +10% 
18 Close containment free volume (m3) 10 11620 -10% +10% 
19 Close cont. heat exchange with the outside (w/m2/K)  15 -10% +10% 
20 Close containment outside temperature (°C)  20 10 30 
21 Close containment initial temperature  50 30 70 
22 Volume of heat structures in close containment (m3)  1574 -10% +10% 
23 Closed containment initial pressure (bar)  1 -10% +10% 
24 Accumulators initial pressure (bar)  75 70 80 
25 Accumulators initial temperature (°C)  50 30 70 
26 Discharge line singular pressure drop  15 -50% +50% 
27 Break size (inches)  3 -10% +10% 

 
Table 3 : Parameters studied for scenario 2 (LOCA) 

 

7. Propagation of uncertainties through thermal hydraulic models 

For each scenario, Latin Hypercube Sampling (LHS) has been performed using the 10 respective input 
parameters with their corresponding distributions. 1000 samples of the input parameters were 
simulated for the first scenario and 100 samples for the second and for each sample a thermal-
hydraulic calculation was performed with the CATHARE2 code. For the scenario 1, response surfaces 
were calculated: the process carried out by the thermal-hydraulic code is approximated by a simple 
mathematical function in the region of interest. First order linear response surfaces are constructed for 
all the three quantities of interest; they are given by: 

i

p

1i
i0 XY ∑β+β=

=
   (1) 

with Y the response and Xi the input parameters. The quality of the fitness of the assumed model, in 
comparison with the actual code response, is given by the coefficient of determination R2. 
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N° Parameter Modification 1st PCT 
(°C) 

2nd PCT 
(°C) 

He max T 
(°C) at 

core 
outlet 

Close 
containment 

max P 
(bars) 

Failure criteria 1600 1000 1250 14.000 
Reference case 1404.4 842.2 1243.3 13.332 

1 Helium clad heat transfer 
coefficient 

- 25 % 1377.9 851.2 1219.6 13.330 
+ 25 % 1417.7 836.9 1253.0 13.331 

2 Corrective factor for heat transfer 
in DHR IHX 

- 25 % 1428.3 926.9 1263.8 13.514 
+ 25 % 1385.3 792.8 1226.1 13.215 

3 Core nominal power 
- 2 % 1378.7 825.9 1222.7 13.325 
+ 2 % 1426.5 858.8 1260.8 13.338 

4 Core residual power 
- 10 % 1327.7 761.0 1184.1 13.287 
+ 10 % 1472.3 921.8 1292.4 13.371 

5 Primary blower inertia 
- 25 % 1457.6 844.1 1284.9 13.312 
+ 25 % 1359.3 840.6 1206.4 13.351 

6 SCRAM actuation (Pcontainment) 
- 0.03 MPa 1386.1 842.2 1227.0 13.320 
+ 0.07 MPa 1452.7 842.6 1282.8 13.350 

7 Accumulators discharge (Primary 
pressure) 

- 0.2 MPa 1460.7 839.9 1292.5 13.337 
+ 0.2 MPa 1356.1 844.3 1195.7 13.328 

8 Gas mixture conductivity 
- 10 % 1416.6 859.1 1253.0 13.418 
+ 10 % 1392.7 828.2 1232.8 13.261 

9 Gas mixture heat capacity 
- 5 % 1429.4 871.0 1269.4 13.396 
+ 5 % 1377.4 816.1 1215.7 13.281 

10 Close containment free volume 
- 10 % 1400.5 799.4 1239.5 14.367 
+ 10 % 1406.1 885.2 1244.5 12.450 

 

Table 4 : Parameters of scenario 2 (LOCA) giving exceedance (in bold) of the failure criteria 

 

8. Failure probabilities 

8.1  Scenario 1 (LOFA) 

None of the cases among the 1000 simulations met the failure criteria: maximum clad temperature 
never exceeds 1600°C and maximum gas temperature at core outlet never exceeds 1250°C. The 
estimate of the probability of failure should be pf = m/N, where m is the number of code runs which 
met the failure criterion and N = total number of code runs but in this case, pf takes the value zero 
since no code run provides an output observable within the failure domain. This result illustrates a 
limitation of Monte Carlo simulation: the complexity of the physical problem to solve involves large 
computational time on each run and enables only a limited number of simulation, which are not 
enough for achieving a proper estimation of failure probability. Wilks’ formula for one sided tolerance 
interval can be used for calculating a conservative upper bound γ of the actual probability of failure pf : 
1 – (1-γ)N ≥ β, where β  expresses the “confidence” that pf will be lower or equal than γ. Considering β 
= 0.95 and N = 1000, it is obtained γ  = 0.003. This constitutes however a very high upper bound for 
the failure probability, according to the margins that we obtain on the two failure criteria. 

Reliability analysis using the regression model 
These reliability analysis concerns the failure criterion on the maximum helium temperature at core 
outlet for which we have the less margin. Considering the linear relation between the maximum 
helium temperature and the input parameters (R2 = 0.994), we will use this linear model instead of the 
CATHARE2 code to study the effect of changing the range of the input parameters uncertainties on the 
failure probability. The regression model is the following: 
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Max Helium T =   1022.6 + V1 * 3.0972 + V2 * 0.5621 + V4 * 58.772 + V5 * -203.18 + V6 * -40.26 + 
V7 * 738.8 + V8 * 259 + V9 * -287.14 + V10 * -21.541   (Vi  the input parameters with the subscript i=1 
to 10 corresponding to column Selected No in Table 3) 

Performing various numbers of simulations (up to 107) with this linear model and keeping the initial 
probabilistic model, the maximal value obtained is 67°C below the failure criteria. We have performed 
several modifications of the initial probabilistic model in order to test the influence of these changes 
on the failure probability. Table 5 shows the various modifications in the probabilistic model and the 
corresponding failure probabilities and maximal helium temperatures. We obtain in this way rough 
estimations of the failure probability of the DHR system in case of transient 1 occurrence. Even in 
doubling the range of variation of the most important variables (blower inertia or wall thermal inertia), 
the failure probability obtained keeps very small. The same is observed in increasing the ranges of 
variation of all the input parameters by 50%. In order to obtain a relatively significant failure 
probability (~10-4) , it is necessary to double the range of variation of the two most important variables 
simultaneously or to increase the ranges of all the parameters by 70%. In the PSA, the functional 
failure probability of the natural circulation DHR in pressurized situations has been upper-bounded by 
5×10-6 and this result is implemented as basic event in the PSA model (Bassi 2008, Bassi 2010). 
However studies should be sustained to evaluate the pressure drop caused by the stopped blower and 
to assess the need to bypass it in situations of natural circulation. 

 

Modification in the initial probabilistic 
model  

Failure 
probability 

Pf 
COV of Pf Max Helium T (°C) 

V9 (blower inertia) : [-50% , 50%] 7.2 10-7 0.12 1256 
V5 (wall thermal inertia) : [-30% , 30%] No failure case - 1209 

V9 (blower inertia) : [-50% , 50%] 
and  

V5 (wall thermal inertia) : [-30% , 30%] 
2.71 10-4 0.06 1277 

Uncertainty range of all variables * 1.1 No failure case - 1197 
Uncertainty range of all variables * 1.2 No failure case - 1212 
Uncertainty range of all variables * 1.3 No failure case - 1229 
Uncertainty range of all variables * 1.4 No failure case - 1247 
Uncertainty range of all variables * 1.5 3.5 10-6 0.17 1263 
Uncertainty range of all variables * 1.6 5.7 10-5 0.13 1276 
Uncertainty range of all variables * 1.7 3.2 10-4 0.06 1292 

 
Table 5: Effect of modifications of the probabilistic model on the failure probability 

 
8.2  Scenario 2 (LOCA) 

For each simulation performed, the natural circulation DHR system is considered failed if at least one 
of the four failure criteria is exceeded, i.e.:  

Tmax_clad_1st_peak > 1600°C or Tmax_clad_2nd_peak > 1000°C or Tmax_gas > 1250°C or Pclose_containment > 1.4 MPa.  

With the 100 simulations, we obtain an estimate of the failure probability fP = 0.49 with an acceptable 

accuracy (variation coefficient )Pcov( f = 0.10). To date, this estimation should be retained for this 
scenario in the PSA. However, this result shows also the necessity to improve the reliability of the 
natural circulation DHR. Tracks of improvement should be to increase the nitrogen volume, to drain 
successively the three accumulators or to review the design of the close containment. 

Failure probability with regards to each criterion considered independently 
In this estimation, the four responses of interest have been modeled by normal distributions 
(hypothesis not rejected by goodness-of-fit tests), with averages and standard deviations obtained on 
the 100 simulations. The failure probabilities (Table 6) are then estimated by: Pf  = P(Y ≥ S) = 1 -  P(Y 
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< S)  = 1 – FY(S), with: Y, one of the responses, S, the associated failure criterion and FY, the 
cumulative function of Y (normal distribution). Note that here the failure probability for each response 
is evaluated independently of the others and the sum of these four probabilities exceeds slightly the 
total failure probability of the system calculated previously ( fP = 0.49), because in some simulations, 
two failure criteria may have been exceeded at the same time. These results enable us to conclude that 
the most often exceeded failure criterion is the gas temperature at core outlet (1250 °C). Figure 6 
shows the scatter in the 100 curves of evolution of this gas temperature and on the peak of 
temperature. The second failure criterion, for which attention should be paid, is the pressure in the 
close containment. The criteria on the clad temperatures have very low probabilities compared to the 
two mentioned above. 

Responses of interest Pf 
Maximum clad temperature (1st peak) 2,46. 10 -4 

Maximum clad temperature (2nd peak) 3,61. 10 -4 

Maximum temperature of gas at core outlet 0,456 
Maximum pressure in the close containment 0,092 

 

Table 6: Failure probabilities with regards to each criterion 

 

9. Global sensitivity analysis 

The objective of this analysis is to evaluate the importance of each input uncertain parameter in 
contributing to the overall uncertainty of each response of interest. A global sensitivity analysis has 
been carried out by the way of standard regression coefficients. Considering that the response Y is a 
linear function of the random input variables Xi, the standardized regression coefficients (SRC) are 
obtained from the regression model (1). They quantify the effect of varying each input variable away 
from its average by a fixed fraction of its variance. They are given by:  

( )
( )YVar
XVar

)X,Y(SRC i
ii β=  

 

The sign of the SR coefficients indicates if the response increases (+) or decreases (-) when the 
variable increases. The sum of the SRC2 is equal to the coefficient of determination R2. 
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Figure 5: LOCA scenario - 100 curves of evolution of gas temperature at core outlet (left), zoom on peak of temperature (right 
upper) and histogram of distribution of the peak (right lower) 

 

9.1  Scenario 1 (LOFA) 

For the three responses of interest (maximum fuel, clad and helium temperatures), the hypothesis of a 
linear relation between the output and the input parameters is valid, because the values of the R2 are 
close to 1 in each case and so we can use the SR coefficients as sensitivity indices. The results obtained 
on the SR coefficients for the three temperatures are logically very close as the three temperatures are 
correlated. Table 6 gives for example the SR coefficients obtained for the maximum clad temperature. 
The most influential parameters on this temperature are the primary blower inertia, the wall thermal 
inertia and the core residual power. They explain together about 90% of the uncertainty of the clad 
temperature. The most important parameter is the primary blower inertia which explains itself about 
69% of the temperature uncertainty. 

9.2  Scenario 2 (LOCA) 

For the four responses of interest (maximum clad and gas temperatures at first and second peak, 
maximum helium temperature and close containment pressure), the hypothesis of a linear relation 
between the output and the input parameters is valid and SR coefficients are used as sensitivity indices. 
SR coefficients for the two temperatures (clad and helium) at first peak are very close because these 
two temperatures are correlated. The most influential parameters (Table 7) are the core residual power, 
the lower plenum pressure for accumulator discharge and the primary blower inertia. For the 
maximum clad temperature at second peak (Table 8), the most influential parameters are the residual 
power and the close containment free volume.  
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Rank Input parameter SRC SRC2 
1 Primary blower inertia -0.829 0.687 
2 Wall thermal inertia -0.328 0.107 
3 Core residual power 0.300 0.090 
4 Core nominal power 0.193 0.037 
5 Heat transfer in DHR IHX -0.116 0.014 
6 Helium clad heat transfer 0.114 0.013 
7 Main circuit pressure -0.054 0.003 
8 Inlet k-factor in DHR primary loop 0.013 1.7 e-04 
9 Core total pressure drop 0.008 6.8 e-05 

10 Outlet k-factor in DHR primary loop -0.008 5.9 e-05 
 

Table 6: Standardized regression coefficient for maximum clad temperature (LOFA) 

 

Rank Input parameter SRC SRC2 

1 Residual power 0.658 0.433 
2 Lower-plenum pressure for accu. discharge  -0.495 0.245 
3 Primary blower inertia -0.480 0.230 
4 Gas mixture heat capacity -0.255 0.065 
5 Nominal power 0.226 0.051 

 

Table 7: Standardized regression coefficients for maximal clad temperature at first peak (LOCA) 

 

Rank Input parameter SRC SRC2 
1 Residual power 0.864 0.747 
2 Close containment free volume 0.454 0.207 
3 Gas mixture heat capacity - 0.301 0.091 

 

Table 8: Standardized regression coefficients for maximal clad temperature at second peak (LOCA) 

 

10. Conclusions  

In support to a PSA performed at the design level on the 2400 MWth GFR, the functional reliability of 
the DHR system working in natural circulation has been estimated in two transient situations 
corresponding to an “aggravated” LOFA and to a LOCA. The reliability analysis was based on the 
RMPS methodology. The failure probability of the DHR system in case of LOFA transient is very 
small, considering realistic uncertainties for the input parameters and even in increasing greatly their 
ranges of variation. The DHR system working in natural circulation appears a very reliable system for 
this type of LOFA accident and even when only one DHR loop is available. In the PSA, the functional 
failure probability of the natural circulation DHR in pressurized situations has been upper-bounded by 
5×10-6. For the second transient, the reliability analysis of the natural circulation DHR system shows a 
high conditional probability of failure essentially due to the risk of exceeding the criterion associated 
to the gas temperature at core outlet. Following the global sensitivity analysis, this risk should be 
limited by increasing the reference values of two parameters: the lower plenum pressure for 
accumulator discharge (this parameter has been set to 14 bars in the reference design) and the blower 
inertia, and by limiting their uncertainties. 
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