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As the 2400 MWth gas-cooled fast reactor concept makes use of passive safety features in combination with active safety systems,
the question of natural circulation decay heat removal (NCDHR) reliability and performance assessment into the ongoing prob-
abilistic safety assessment in support to the reactor design, named “probabilistic engineering assessment” (PEA), constitutes a
challenge. Within the 5th Framework Program for Research and Development (FPRD) of the European Community, a method-
ology has been developed to evaluate the reliability of passive systems characterized by a moving fluid and whose operation is
based on physical principles, such as the natural circulation. This reliability method for passive systems (RMPSs) is based on
uncertainties propagation into thermal-hydraulic (T-H) calculations. The aim of this exercise is finally to determine the perfor-
mance reliability of the DHR system operating in a “passive” mode, taking into account the uncertainties of parameters retained
for thermal-hydraulical calculations performed with the CATHARE 2 code. According to the PEA preliminary results, exhibiting
the weight of pressurized scenarios (i.e., with intact primary circuit boundary) for the core damage frequency (CDF), the RMPS
exercise is first focusing on the NCDHR performance at these T-H conditions.
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1. INTRODUCTION

The trend for safety demonstration of new reactor concepts
is, nowadays, based on the combined application of deter-
ministic and probabilistic tools (i.e., “risk-informed design
guidance” [1]). In general, the main benefits of the use of
probabilistic safety assessment (PSA) are to provide a risk
measurement, which is useful to improve the concept. It is
performed through the identification of plant vulnerabilities,
of intersystem dependencies, and of potential common cause
failures (CCFs). During conceptual design studies, the prob-
abilistic engineering assessment (PEA), a simplified PSA in
support of the design, provides useful insights about the ex-
amination of risk benefits from different design options and
helps designers to improve the concept from safety and eco-
nomical points of view. Finally, it anticipates design justi-
fications during the licensing process and the deterministic
safety demonstration.

The gas-cooled fast reactor is considered as a promising
concept and has a high priority in CEA R&D work program
on future nuclear energy systems [2, 3]. The main specifica-
tions of the 2400 MWth GFR concept are driven by the inter-
nationally agreed Generation IV objectives, which have been
“translated” into the main features of the concept:

(i) a fast neutron core with a zero breeding gain (without
fertile blankets) and characterized by an initial pluto-
nium inventory allowing for the deployment of a GFR
fleet near 2040 (sustainability and proliferation resis-
tance concerns);

(ii) a helium-cooled primary circuit (7 MPa, 850◦C at
core outlet) connected to a Brayton secondary circuit
allowing for a high-thermodynamic efficiency (eco-
nomics concern);

(iii) a decay heat removal (DHR) system based on dedi-
cated loops allowing for forced or natural circulation
(safety concern).
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According to the strategy proposed by the GFR design team
[4], the natural circulation (NC) of gas, through the (DHR)
system (dedicated loops for forced or natural circulation of
gas, with passive water-filled secondary circuit) is foreseen:

(i) for pressurized situations (i.e., with intact helium pres-
sure boundary);

(ii) for the transient termination (here called “late phase,”
starting around one day after the initiating event) of
depressurized situations.

For the later, owing to the poor NC capability of gaseous
coolant, a pressure level, evaluated at around 1.0 MPa and
provided by a closed-guard containment, should be main-
tained to guarantee that the temperatures in the core vessel
are kept at acceptable values.

As the GFR reactor concept makes use of passive safety
features in combination with active safety systems, the ques-
tion of natural circulation decay heat removal (NCDHR) re-
liability and performance assessment into the ongoing PEA
constitutes a challenge. Within the 5th Framework Program
for Research and Development (FPRD), a methodology has
been developed to evaluate the reliability of passive systems
characterized by a moving fluid and whose operation is based
on physical principles, such as the natural circulation. This
reliability method for passive systems (RMPSs) [5] is based,
in particular, on uncertainties propagation into thermal-
hydraulic (T-H) calculations. The aim of this RMPS exercise
is finally to determine the performance reliability of the DHR
system operating in a “passive” mode, taking into account
the uncertainties of parameters retained for T-H calculations
(distributions attached to critical parameters and uncertain-
ties propagation). According to the PEA preliminary results,
exhibiting the importance of pressurized scenarios (i.e., with
intact primary circuit boundary) for the core damage fre-
quency (see Section 2), the RMPS exercise is first focusing on
the NCDHR perfomance at high-primary pressure and de-
cay heat. At this point, some publications which discuss this
topic, for depressurized scenarios, are referred in [6, 7].

2. THE GFR DECAY HEAT REMOVAL STRATEGY

The DHR system has a strong impact on the overall reactor
architecture. On the contrary with other gas-cooled reactor
concepts (like high-temperature reactors), solutions based
on core thermal inertia plus conduction and radiation to re-
move heat were not applicable to the GFR due to the high
core power density (100 MW/m3 compared to 5–10 MW/m3

in HTRs). Therefore, the decision was taken to study with
more details systems relying on helium circulation, based on
natural circulation as far as possible. This explains some de-
sign criteria and options:

(i) an upward core cooling flow and a location of the ex-
changers (DHR and IHX) above the core level;

(ii) a core design criterion based on a low-pressure drop
(which eases the He circulation);

(iii) the use of a guard containment in order to limit the
loss of pressure (sufficient backup pressure) after a pri-
mary circuit depressurization;
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Figure 1: Schematic of the DHR system.

(iv) the use of dedicated DHR loops, allowing to increase
the difference of elevation between the DHR heat ex-
changer and the core, as shown in Figure 1. If needed,
the primary DHR circuit can operate with a blower,
generating a forced circulation in addition to the nat-
ural circulation;

(v) the use of three loops (3 × 100% redundancy) assum-
ing that one could be lost due to the accident initiating
event (e.g., break) and that another one must be sup-
posed unavailable (single-failure criterion).

The strategy for the depressurization/backup pressure of the
GFR 2400 MWth has been decided already. The most at-
tractive option is the “medium” backup pressure strategy:
the pressure is kept “high enough” in order to obtain suf-
ficient margin and to significantly ease the safety demon-
stration. In fact, for laminar flow conditions and for a given
mass flow, the pumping power is almost inversely propor-
tional to the square of the gas pressure, this means that the
pumping power decreases very significantly when the pres-
sure increases. At 1.0 MPa, about 15 to 20 kW are required
few minutes after the reactor SCRAM instead of more than
1 MW at 0.1 MPa. In addition, for scenarios characterized by
a loss of primary circuit integrity (e.g., LOCA), keeping some
“backup” pressure at 1.0 MPa allows the possibility to use
natural circulation after some time delay (typically 24 hours)
due to the decay heat decrease. Finally, such medium backup
pressure could be coherent with the use of a metallic contain-
ment, also simpler and smaller systems could be used thus
limiting investment, operation, and maintenance costs.

Therefore, the DHR system consists of the following:

(i) a metallic guard containment enclosing the primary
system, not pressurized in normal operation, and hav-
ing a free volume such as the fast primary helium
expansion is leading to an equilibrium pressure of
1.0 MPa;
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Figure 2: Schematic of the DHR strategy based on mixed natural and forced mechanisms [4].

(ii) three dedicated DHR loops (redundancy) with sec-
ondary loops connected to an external water pool (the
ultimate heat sink).

This strategy and the means (systems, phenomena) to ach-
ieve their intended mission are depicted in Figure 2.

3. SOURCES OF UNCERTAINTIES IN THE GFR
PROBABILISTIC ENGINEERING ASSESSMENT [8]

Until now, a focus is held in the PEA on the two first families
(loss of coolant accidents and loss of offsite power) in or-
der to check the consistency of the DHR systems layout (two
DHR loops operating in a “dual” circulation scheme: forced
circulations (FCs) and natural circulations, and two DHR
loops for forced circulation only and designed according to
the systems diversification principle). The choice of these two
families is driven by the aforementioned DHR strategy (see
Section 2) depending on the primary circuit integrity status
(LOCAs are representative of depressurized situations and
LOOP of pressurized ones). In Figure 3 is reported the event
tree for the LOOP initiating event.

It seems important to notice that the two time periods are
distinguished according to the systems or mechanisms po-
tentially involved for DHR (“early phase” during the first 24
hours, and “late phase” from 24 to 168 hours). Many reasons
have led to this choice: the first is design dependant (bat-
teries or DHR ternary pools autonomy, systems or mecha-
nisms involved during the two time periods), and the second

is relative to some deterministic practices leading to combine
some “frequent IEs” with short-duration LOOP or black-
out. Therefore, this PEA will furnish some relevant results
for the design basis events classification. An iterative pro-
cess through sensitivity studies (importance measures assess-
ment, sensitivity indices) and cost-benefit evaluation (sys-
tems redundancy level) would finally help to optimize the
concept without safety weakening.

Usually, uncertainties are categorized as “aleatory” (i.e.,
inability to predict random observable events) or as epis-
temic [9] (i.e., our confidence in the knowledge of a model
or in some data). These epistemic uncertainties are roughly
related to the input parameters, the structure of the model,
and finally to its completeness.

For input parameters, lognormal probability distribution
functions are systematically attached to components-failure
rates, with error factor (i.e., the square root of the 95 to 5
percentile ratio) set to the following:

(i) three for components with operational feedback (e.g.,
water circuits);

(ii) ten for components in a gaseous environment (e.g,.
blowers, valves, etc.).

The uncertainty propagation is performed thanks to the Risk
Spectrum [10] software.

Modeluncertainties are studied through parametric stud-
ies to analyze the effects of simplifying assumptions on the
model output (core bypass assumption weight, e.g., in GFR
PEA).
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Figure 3: Event tree for LOOP IE (representative of the pressurized situation) in GFR PEA.

Regarding the uncertainties associated with the model
completeness, until now, the PEA model is focusing on repre-
sentative situations according to the various means and sys-
tems retained in the DHR strategy; the model is then par-
tial and the PEA results should be affected by a large amount
of uncertainties. The next PEA model, for which initiating
events and scenarios coverage will be enlarged, may lead to a
reduction of model uncertainties.

In addition to these common sources of uncertainties for
probabilistic models, the GFR PEA model introduces tech-
nological risk uncertainties (i.e., ability to develop an inno-
vative component or system, and uncertainties related to the
ability of an innovative system to perform the mission it was
designed for). Another significant feature of this probabilis-
tic assessment representation of the 2400 MWth GFR will be
the combination of systems and T-H reliability models.

4. IDENTIFICATION AND QUANTIFICATION
OF THE SOURCES OF UNCERTAINTIES FOR
THE NATURAL CIRCULATION PERFORMANCE
ASSESSMENT

4.1. Influence of the time limit before the loss of
the forced circulation decay heat removal
(FCDHR) process

In order to define the most relevant case for the RMPS exer-
cise, sensitivity studies were performed with the CATHARE

2 code. Due to its relatively high-occurrence frequency in the
GFR PEA (i.e., 10−2/reactor · year), the short duration loss
of offsite power transient (LOOP < 2 hours) is considered as
reference scenario for the pressurized situation depiction. As
stated here above, the forced circulation of primary helium
is foreseen in the first stage to remove the core decay heat.
In the LOOP situation, the electrical supply will be provided
by emergency diesel generators (EDGs) or batteries (1 unit
per electrical train) to the dedicated circulators. The com-
bination of components losses leading to the complete loss
of FCDHR at initiating event (e.g., EDGs fail to start or DHR
circulators failures) provides the most stringent case in terms
of decay power.

For the 2400 MWth GFR, neutronic calculations were
performed with the Darwin code [11] to estimate the decay
heat curve for several minor actinides contents. As reported
in Figure 4, the core power decreases to around 15% of nom-
inal value just after the control rods full insertion, and de-
creases rapidly to 3% of nominal power five minutes after
scram.

Despite the weak occurrence probability of such failures
combination, it seems clear that this situation would pro-
vide the most stringent case for NCDHR performance and
reliability assessment (maximum core power). On the other
hand, just after the reactor scram, the pressure level in the
primary circuit and the density difference between hot and
cold parts of the DHR loop are maximum, providing poten-
tial high-engaged forces for natural circulation. Sensitivity
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Figure 4: GFR 2400 MWth core decay heat evolution with time.

studies were performed with the CATHARE 2 code to as-
sess the influence of the T-H system parameters (core decay
heat included) at NCDHR actuation, for example, after the
FCDHR phase. Several times before NC, actuation was in-
vestigated in comparison with the a priori most severe case
(NCDHR actuation at initiating event, representative of a
blackout transient).

In Figure 5 are reported the primary pressure evolutions
with time for time limits before FC loss ranging from 1 to
24 hours. As a result, one should notice that the primary cir-
cuit pressure evolutions are similar, monotonic, and ranging
from 7.0 to 5.4 MPa during the first 24 hours.

Correlatively with the primary pressure evolutions, the
mass flow at core inlet ranges from 23 to 30 kg/s in an FC op-
erating mode (due to a DHR blower rotational speed control
scheme, so that DHR circuit pressure drop and blower pres-
sure rise would be matched for an unchanged mass flow rate
when pressure decreases) and from 32 to 25 kg/s in natural
circulation (see Figure 6). Indeed, according to the circulator
performance map depiction in the CATHARE 2 model, the
mass flow at DHR loop outlet is inversely proportional to the
primary pressure level when the circulator(s) is in operation.
When they fail, the natural circulation is established at a mass
directly depending on the pressure level in the circuit.

In Figure 7 are reported the maximum temperature evo-
lutions in the core with time. In line with the mass flow at
core inlet (between 32 and 20 kg/s), and the decay heat to
extract (between 3 and 0,6%, resp., 5 minutes and 24 hours
after scram), the maximum temperature in the core is mono-
tonically decreasing. As a result, one should notice that re-
sults do not depend on the time limit before FCDHR loss,
indicating that the heat extraction potential by the secondary
and ternary DHR circuits is largely enough to cope with these
situations.

In summary, the core decay heat and primary pressure
levels at NCDHR actuation do not appear as critical param-
eters for the reliability and performance assessment of this
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passive system. Moreover, as the time delay before FC failure
is not influencing the NCDHR performance, it validates the
event representation in a Boolean model for the GFR PEA, as
all active system failures during the first 24 hours are aggre-
gated as they occur at initiating event (“static” probabilistic
model).
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4.2. Other elements related to the NCDHR question

Owing to the DHR system features design, it is worth notic-
ing that primary gaseous coolant NC performance is directly
related to the natural circulation capability in the secondary
side pressurized water circuit (around 1.0 MPa) through the
heat exchange coefficient in the DHX. Then, the frame of
RMPS exercise for the GFR DHR system is involving a “two-
in-one” exercise: one for gaseous coolant, the second for
pressurized water natural circulation.

Regarding the NC loop in the primary circuit (from the
core to the dedicated heat exchanger for DHR), the natural
circulation of a gaseous coolant may be subject to several and
diverse “disruptions” potentially challenging its capability to
achieve the function it was designed for. One important fea-
ture of gas is owing to the fact that viscosity is increasing
with temperature. Then, since the viscosity increases as the
temperature of the gas increase, the Reynolds number de-
creases. For the DHR operating conditions, the flow regime
is laminar and friction losses are proportional to the inverse
the Reynolds number (eventually with an exponent, named
m, i.e., f ∝ Re−m). Thus as the temperature increases along
the channel, friction losses rise leading potentially to the flow
blockage. For a single gaseous heated channel (i.e., one single
core channel), the laminar flow instability may lead to flow
blockage that could be expressed in terms of temperature dif-
ference between the inlet and the outlet of this channel. These
results may be obtained with a simplified development of the
momentum equation in a steady-state approach.

For the GFR core, assuming two enrichments core zones
and a radial power profile of about 1.2 (i.e., “parallel” heated
channel characterized by different generated power levels),

flow redistribution due to viscosity effects in the hottest core
channels (increased pressure drop compared to other parallel
channels) could occur. Within this frame, simplified meth-
ods could not be employed and the use of the CATHARE 2
code is required.

Regarding the DHR secondary circuit, the natural circu-
lation phenomena are driven by the density (i.e., typically
temperature for pressurized water) change between hot (i.e.,
secondary side of the primary to secondary HX) and cold
(i.e., primary side of the secondary to pool HX) parts of the
loop, then by the exchange at the interfaces between circuits.

4.3. Identification of critical parameters

4.3.1. Mission of the system

As reported in Section 2, the major mission of the DHR sys-
tem is to remove the core decay heat during the mission time
defined for the two representative scenarios:

(i) from nearly 0 to 24 hours for pressurized situations
(with intact helium pressure boundary);

(ii) from 24 to 168 hours for depressurized ones (this mis-
sion time is related to the choice made for the sim-
plified PSA application for GFR); in a first approach,
the mission success will be checked at 48, 72, and 168
hours after the initiating event, assuming the electrical
supplies recovery at these successive time delays.

For both situations, it is implicitly assumed that additional
measures will be taken in order to guarantee a safe termi-
nation of the transient (mobile active systems linked to the
guard containment, for example, recovery of electrical sup-
plies allowing for a forced circulation transient termination).

4.3.2. Failure criteria

The DHR system failure criteria are defined as the failure to
maintain a decay heat removal rate that is required to limit
vital component temperatures (vessel boundary, core plates)
to the values of the “IVth category” design safety limits de-
fined, to date, for GFR safety studies:

(i) 1600◦C for fissile core (cladding temperature),
(ii) 1250◦C for He temperature in upper plenum (vessel

structures).

By now, these failure criteria are based on preliminary val-
ues used for GFR design and safety studies. In parallel, some
R&D effort is provided by CEA in order to increase our con-
fidence for future studies.

At this point, it is worth to notice the close interaction
between deterministic and probabilistic studies in support to
the safety demonstration. Uncertainties taken into account
through the RMPS exercise will furnish and quantify safety
margins reservations for the deterministic analysis.

4.3.3. Failure modes and critical parameters identification

It seems not always obvious to associate a failure mode to
the mission of the system due to the complexity of T-H
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phenomena and interaction between the passive system and
components present in the fluid potential pathway. As pro-
posed in [5], a qualitative analysis as the failure mode and
effect analysis (FMEA) could be performed (with a “virtual
component” for NC process simulation) to help defining
critical parameters.

The proposal is to determine the critical parameters ac-
cording to “engineering judgment” based upon a simplified
“deductive analysis” (or cause consequence analysis). This
approach is chosen due to the complexity of the involved
phenomena reported here above, an FMEA starting from
components failure mode and ending at consequences, as the
“deductive analysis” is more attached to physical phenom-
ena. Furthermore, the method employed for the critical pa-
rameters determination is linked to the level of detail of the
systems. As yet, the GFR concept is still under development
and, therefore, the design is not strictly fixed.

The cause-consequence diagrams for this deductive anal-
ysis are developed upon simplified principles:

(i) T-H parameters like pressure, temperature, and gas
densities and velocities are calculated by the CA-
THARE 2 code; therefore, they are not appearing
in block diagrams introduced in the development of
trees;

(ii) according to the former point, the analysis is then
based on the development of diagrams in a “quasi”
steady-state approach (a time- and space-dependent
analysis being to complicate without the use of a de-
tailed T-H code); at each stage, the cause potentially
leading to the consequence placed above is developed
until “critical parameters” like code user parameters
(e.g., valves opening fraction, i.e., related singular pres-
sure drop) or specific T-H features characterized by a

lack of knowledge (e.g., N2 fraction reentering in the
primary circuit through the break) are reached;

(iii) in most cases, the analysis is developed in consistency
with the foreseen flow circulation, for example, start-
ing from the core region going into a dedicated DHR
loop, passing through the DHX, the stopped blower
(or the ejector in an alternative design) and the isola-
tion valve (potentially not fully closed) exiting above
the downcomer and reentering in the core.

The first step for the determination of critical param-
eters based on this deductive analysis is represented in
Figure 8. Starting from the defined mission of the system
(decay heat removal during the mission time), referenced as
Stage 0, the success/failure criteria (see Section 4.3.2) are de-
veloped just under this “top goal” (Stage 1). For the first
success/failure criteria (keeping the maximum fuel temper-
ature under 1600◦C in every core channels), two potential
failure modes during the transient phase are defined. Con-
cerning the second success/failure criteria (keeping the max-
imum coolant temperature at core outlet below 1250◦C), we
implicitly assume that the gas flow (and temperature) har-
monization at core channels outlet is sufficient to consider
the reduction of mass flow at core inlet as the only mean
for leading to unacceptable temperature for upper head in-
ternal structures (assumption schematized by a red arrow in
Figure 8). In complement to the former point, it is worth to
notice the following:

(i) first, the gas temperature at each representative chan-
nel output could be a meaningful indicator for this
success/failure criteria, if needed;

(ii) secondly, the precise calculation of heat exchange
between the coolant and the upper head structures
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Figure 9: Development of the deductive approach for critical parameters determination (NCDHR pressure drops “1”).

necessitate a multidimensional code due to the proba-
ble internal circulation of gas in the upper plenum.

The next step is then to develop the success/failure criteria
into the potential failure modes (Stage 2). Two ways were de-
termined leading to the increase of the maximum fuel tem-
perature in a core channel, which are as follows:

(i) the apparition of a “sharp distortion of mass flow be-
tween core channels;”

(ii) an “insufficient mass flow at core inlet.”

At this point, it seems important to remark that the first fail-
ure mode addresses exclusively to the core region, as the sec-
ond is more related to the gas flow path from the core bound-
aries (through the DHR system and eventually through the
main loops if they are not fully closed).

The distortion of mass flow between different core chan-
nels could be associated with the following:

(i) a “spurious closure of an inlet flow gag or flow block-
age by foreign object:” it is assumed that inlet flow re-
strictions located at assemblies entrance are designed
for a gas outlet temperature equalization at nominal
full power (avoiding hot spots for upper head internal
structures and providing an optimized fuel consump-
tion during the batch cycle); the “inadvertent” closure
would then be assimilated as an “additional event” fol-
lowing the initiating event. This point is also applica-
ble to the potential flow blockage by a foreign object

(or eventually by accumulation of foreign materials)
at core inlet;

(ii) the “temperature viscosity-induced laminar instabiliti-
es” phenomena for single heated and, by consequence,
for parallel core channels.

Concerning the insufficient mass flow at core inlet, this con-
sequence is associated with the following:

(i) a DHR system-related cause (linked to the “NCDHR”
capability);

(ii) a main circuit-related cause (“core bypass through the
IHX vessel”).

The development of the cause-consequence diagram for the
first point is depicted in Figure 9 (Stage 3). The steady-state
approach is employed in order to assess the critical parame-
ters for the NC phenomenon with the dedicated decay heat
exchanger. The mass flow decrease at core inlet is linked ei-
ther to a “decrease of the NC driving term” or to an “increase
of the whole loop friction terms” (starting from the core in-
let, passing through the DHR specific components, flowing
in core vessel, and down to the core), referenced as Stage 4.

The “driving term” is decomposed into the gas densities
difference and the driving height for NCDHR. It is assumed
that thermal dilation of materials (i.e., variation of the driv-
ing height) is negligible compared to the potential variation
of gas densities difference. Therefore, the “driving term de-
crease” is only related to the gas densities difference variation,
which decomposes in a “decrease of the mean gas density at
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Figure 10: Development of the deductive approach for critical parameters determination (NCDHR pressure drops “2”).

DHX” and/or an “increase of the gas density in the core re-
gion” (Stage 5). This increase is related to the critical param-
eter ECPLAQ , which corresponds to a multiplicative factor
for core materials to fluid heat transfer coefficient.

At DHX primary side, the perfect gas law is employed for
defining the causes of a mean gas density decrease, for exam-
ple, a “decrease of the mean gas pressure at DHX” and/or
an “increase of the mean gas temperature at DHX.” Con-
cerning the pressure decrease, we talk about a pressure de-
crease not due to a pressure drop increase until the DHX is
reached (this effect being reviewed during the development
of the “increase of the whole loop friction terms” block), but
consecutive to a whole circuit pressure decrease. This pres-
sure dropoff in the primary circuit is assumed to be driven
by the “primary circuit natural leakage” (critical parameter,
named FUITE). For the gas mean temperature at DHX pri-
mary side, its increase is attributed to the “decrease of the
gas convective heat transfer in DHX” and/or to the “decrease
of the water convective heat transfer in DHX” (parameter,
named ECDHX1 hereafter).

Concerning the gaseous side, the convective heat trans-
fer is proportional to the gas mean heat conductivity, to the
hydraulic diameter in the DHX primary side, and to the in-
verse of the Nusselt number of the flow. As for the driving
height variation with temperature (thermal dilatation), the
hydraulic diameter decrease is not taken into account for
the determination of critical parameters. This means that the
material accumulation (i.e., fouling) of the DHX at primary
side is not judged as critical as variations of the gas T-H prop-

erties (driving term concern), or as singular pressure drop
along the flow path (stopped blower, isolating valve).

The development of the block entitled “decrease of the
water convective heat transfer in the DHX” emphasizes
the so-called “two-in-one” RMPS exercise. Indeed, as the
DHR system secondary side is made of pressurized wa-
ter (1.0 MPa) set in motion by natural circulation with an
above-positioned immerged heat exchanger (with a dedi-
cated pool), one should extend the RMPS exercise frame to
the DHR secondary side. According to previous work per-
formed for potential passive systems designed for pressur-
ized water reactors, the critical parameters for this part of the
RMPS application are directly issued from [5]. Then, in the
DHR secondary side, the characteristic parameters will be as
follows:

(i) the initial temperature of water in the pool (named
T2DHR);

(ii) the mean temperature of pressurized water in DHR
system (i.e., the pool temperature T2DHR due to
secondary-to-ternary thermal equilibrium);

(iii) the pressure in DHR system secondary side (named
P2DHR);

(iv) the rate of incondensable gases at the inlet of the pool
HX (simulating a potential leakage through the DHX);

(v) the fouling of the pool HX;

(vi) the number of broken tubes in the pool HX.
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The last three critical parameters are jointly described by
a corrective factor of the exchange coefficient between sec-
ondary and ternary “circuits”, that is, ECDHX2.

The decrease of NC driving term (Stage 4) could also be
a result of a spurious “increase of the mean gas density in the
core region.” Assuming the gas gaseous coolant as a perfect
gas, this density increase is attributed to a pressure increase
and/or to a mean temperature decrease. Assuming that the
pressure increase will solely be caused by a lack of heat ex-
traction (i.e., a DHR loop inadvertent closure, or a lack of
extraction by secondary circuit, which is the main issue of
the RMPS exercise), the gas mixture increase in the core re-
gion is only attributed to the mean gas temperature decrease.
The mean temperature decrease is, therefore, consecutive to
a gas temperature decrease at core inlet and then to increased
exchange terms in the core vessel (not considered for this first
analysis) or at DHX (critical parameter ECDHX1).

As for the determination of the critical parameters re-
lated to the “driving term” concern, the same approach is fol-
lowed for the “increase of the whole loop friction terms.” The
analysis focuses on the regular and singular pressure drop on
the flow path of the gaseous mixture (in the representative
“loop” starting from the core inlet). In Figure 10 is depicted
the development of the block diagram for the potential in-
crease of “whole loop” pressure drops. In dashed lines are
represented two groups characterized by “structural” (singu-
lar pressure drops) and “T-H” (regular pressure drops) con-
cerns.

It is worth to notice that only four “major components”
are taken into account at the flow path for pressure drop anal-
ysis: the core assemblies (including for each representative
one the inlet flow gag, the lower and upper neutron shielding
zone, and the fissile part), the DHX, the DHR blower (sin-
gular pressure drop when stopped), and the isolation valve.
This choice is performed according to the meaning that they
will be the most important contributors for the whole “loop”
pressure drops. Moreover, this choice is linked to the present
complexity of the CATHARE 2 model for the GFR concept
whose design is still in progress.

According to this development, and to the sources of
known uncertainties in the CATHARE 2 model, critical pa-
rameters potentially challenging the engaged forces are re-
lated to the plate-type core regular pressure drop in lam-
inar conditions (FRPLAQ), the turbulent-to-laminar tran-
sition Reynolds number (REPLAQ) for exchange (cf., EC-
PLAQ above) and regular pressure drop assessment in the
core region, and the singular pressure drop provided by the
stopped DHR blower (DPSOUF). In a first step, the singu-
lar and regular pressure drop at DHR heat exchanger are not
taken into account, owing to the fact that correlations for cir-
cular tubes are less subject to large uncertainties. In anyway,
a sensitivity study is reported at the end of this document
and related to the impact of pressure drop reservations on
margins to failure/success criteria. This work is performed
through the DHR loop isolating valves partial opening and is
finally translated into additional pressure drops in the loops.
Therefore, they should also be investigated as a combination
of other singular pressure drops in the loop (for DHR HX,
e.g.).

5. RELIABILITY EVALUATION OF PASSIVE
SYSTEMS WITH THE CATHARE 2 CODE

5.1. The CATHARE 2 model for GFR

The complete CATHARE 2 [12, 13] model for 2400 MWth
GFR is composed of the following:

(i) the primary circuit with helium as coolant, includ-
ingthe main reactor vessel comprising the core, three
principal-independent loops each containing a finned
plate intermediate heat exchanger (IHX) and a blower,
three tanks for helium supply (for guard containment
pressure), and three dedicated DHR loops, each with
its own water-filled secondary and pool-type ternary
circuits;

(ii) each principal loop has its own secondary circuit for
power conversion, includingthe second part of IHX,
a single shaft-mounted turbomachinery, and a steam
generator; the working fluid in the secondary circuit is
a mixture of helium and nitrogen with mass fractions,
respectively, equal to 20% and 80%;

(iii) a ternary steam-water circuit (second part of the once-
through counter-current plate-shape steam genera-
tor).

Each dedicated DHR loop is composed of the following:

(i) a primary loop (crossduct connected to the core ves-
sel), with a driving height of 10 m between core and
DHX midplan;

(ii) a secondary circuit filled with pressurized water at
1.0 MPa (driving height for NCDHR of 5 m);

(iii) a ternary pool, initially at 50◦C, whose volume is de-
termined to handle one-day heat extraction (after this
time delay, additional measures are foreseen to fill up
the pool).

In addition, a large free volume filled with nitrogen is de-
scribed for guard containment simulation in case of a de-
pressurization accident. This free volume is hydraulically and
energetically linked to the primary circuit by specific func-
tionalities implemented in the CATHARE 2.5 version.

A special care was put on the core model, taking into ac-
count the heterogeneous plate structure, the core radial di-
mension and power profiles (6 hydraulics channels with sin-
gular pressure drop in order to equalize the outlet tempera-
ture in nominal conditions, etc.).

In Figure 11 are reported the main features of one dedi-
cated DHR loop modeled in the CATHARE 2 input data deck
for 2400 MWth GFR [14].

5.2. Critical parameters distributions and sampling

The first class of parameters addresses the specific uncertain-
ties associated with factors on which the magnitude of the
engaged forces and counter forces depends (values of heat
transfer coefficients and pressure losses) on the following:

(i) in the core region: correlations used to calculate the
Nusselt number and the friction factor have differ-
ent functional forms depending on the geometry, fluid
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Figure 11: DHR loop features and nodalization in the CATHARE 2
code.

characteristics, and flow regime (forced, natural, or
mixed); as natural and mixed convection correlations
are not supported by extensive experimental results,
the resulting correlations in natural convection lami-
nar regime are subject to large uncertainties; for the
GFR core (plate-type core), an R&D program is under-
way in CEA to establish specific correlations for these
geometry and T-H conditions [15]; however, multi-
plicative factors are retained in the present CATHARE
2 input data deck for exchanging coefficients and reg-
ular friction factors in laminar regime (the transition
regime Reynolds number being also a critical parame-
ter);

(ii) in the DHR loop: exchange coefficients multiplicative
factors for primary to secondary, and from secondary
to ternary pool heat exchangers.

The second class of parameters addresses the uncertainties
associated with the potential discrepancy of T-H parameters
at transient initiation:

(i) a first subclass is related to the ternary and secondary
DHR circuits initial temperature and pressure; by this
way, we implicitly assume that small deviations are
possible within the allowable range defined by the pro-
tection system; therefore, these parameters are charac-

Table 1: Critical parameters distributions.

Mean Distribution Min. value Max. value

T2DHR 50◦C Normal 42.5◦C 57.5◦C

P2DHR 1.0 MPa Normal 0.85 MPa 1.15 MPa

FRPLAQ 15% Normal 0 30%

ECPLAQ 5% Normal 0 10%

REPLAQ 5000 Normal 4000 6000

ECDHX1 5% Normal 0 10%

ECDHX2 5% Normal 0 10%

DPSOUF 15% Normal 0 30%

Max. Distribution Lower bound Upper bound

FUITE 2e − 04 Triangular 2e − 5 2e − 3

Table 2: Mean, standard deviation (SD), and upper and lower
bounds for critical parameters after LHS (100 values).

Mean SD Min. value Max. value

T2DHR 50.009 3.308e + 00 4.293e + 01 5.720e + 01

P2DHR 9.998e + 05 6.625e + 04 8.583e + 05 1.144e + 06

FUITE 7.40e − 04 4.487e − 04 6.287e − 05 1.812e − 03

FRPLAQ 1.50e − 01 6.639e − 02 5.444e − 03 2.972e − 01

ECPLAQ 4.99e − 02 2.212e − 02 4.632e − 05 9.773e − 02

REPLAQ 4.99e + 03 4.411e + 02 4.063e + 03 5.930e + 03

ECDHX1 4.99e − 02 2.211e − 02 1.423e − 03 9.634e − 02

ECDHX2 4.99e − 02 2.213e − 02 2.564e − 03 9.888e − 02

DPSOUF 1.50e − 01 6.614e − 02 6.816e − 03 2.895e − 01

terized by lower and upper bounds between−15% and
+15% around their nominal values;

(ii) the second subclass concerns the primary circuit nat-
ural leakage (named FUITE), and is very concept de-
pendant (number of loops, nozzles, sealing systems for
rotating machines, etc.).

The critical parameters and their distribution features are
given in Table 1, which have been established by engineering
judgment.

Owing to the precision required for this first NCDHR
performance and reliability assessment, and compared to
the magnitude of other sources of uncertainties in the PEA
model, the number of calculations is first limited at 100.
An optimized Latin hypercube sampling (LHS) is then per-
formed according to the distributions and bounds selected
reported in Table 1 and furnishes a set of values as input
parameters for the CATHARE 2 calculations. In Table 2 are
given the mean, standard deviation, and minimum and max-
imum values for each critical parameter after LHS.

In Figures 12, 13 are, respectively, plotted the 100 values
and the final distribution for the first critical parameter, for
example, T2DHR, in order to check the consistency of the
sampling.

5.3. RMPS exercise results

The process followed for this RMPS exercise implies to com-
bine the steady state (due to the secondary circuit pressure
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Figure 12: Optimized LHS (100 values for T2DHR).
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and ternary pool temperature initialization) and the tran-
sient calculations with CATHARE 2. Each calculation takes
around 5000 seconds CPU on a personal computer under
LINUX operating system.

The results obtained with the CATHARE 2 code are plot-
ted in Figure 14 showing the core maximum temperature
evolution with time.

As shown by Figure 14, a sharp decrease of the core tem-
perature occurs during the first minute of the transient due
to the reactor scram and the main blower rundown on their
inertia. Until the NCDHR is established, the temperatures
are increasing up to around 1030◦C and then decrease owing
to the large amount of energy exchanged with the secondary
(and ternary) DHR circuit. As a result, one should notice the
weak discrepancy of the temperature evolutions with time
and of the maximum level reached. In Figure 15 is reported
the maximum temperature distribution for these 100 calcu-
lations. At this stage, it is worth mentioning the robustness of
the CATHARE 2 code as around 94% calculations performed
provide results (6 calculations exiting without results).

This temperature distribution is characterized by a mean
value of 1029◦C and a standard deviation of 4.3◦C (see
Table 3).
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Figure 14: RMPS reference case—maximum temperature in the
core region evolutions.
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Table 3: Results for the RMPS reference case.

Mean SD Lower Upper

TMAX (◦C) 1029 4.32 1019 1037

TUPPER (◦C) 907 2.35 903 913

Compared to the failure/success criteria fixed at 1600◦C
as mentioned earlier in this document, the results obtained
with the CATHARE 2 code are exhibiting the safety margin
conferred by the DHR loop structural and thermodynami-
cal design. For the ongoing PEA, it seems that the reliabil-
ity of the natural circulation in pressurized situation is close
to unity. In order to determine a more precise value of the
NCDHR unreliability (if necessary, according to the magni-
tude of the other sources of uncertainties in the PEA model),
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the percentile corresponding to 1600◦C can be calculated.
Another way to evaluate the NCDHR unreliability consists in
the research of linear correlation between the response result
and the input parameters, in order to increase the number of
calculations with a low CPU cost.

5.3.1. Correlations between input parameters and
temperature results

A linear correlation between TMAX (maximum temperature
in the core region) and input parameters has been deter-
mined:

TMAX = 1016.5 + (T2DHR∗0.30211)− (FUITE∗449.71)

+ (FRPLAQ∗63.027)− (ECPLAQ∗18.222)

−(REPLAQ∗2.4157∗10−3)+(ECDHX1∗5.5575).
(1)

It should be mentioned that this linear correlation is based
only on 6 input parameters (the last three ones having a neg-
ligible influence for the response). The R2 coefficient of de-
termination for this linear model is equal to 97%. Figure 16
compares TMAX calculated by the CATHARE 2 code and
simulated by the linear model.

According to this result, the utilization of linear standard
regression coefficients is justified in order to rank the most
influent parameters (see Table 4).

The ranking is based on absolute values, as the sign is
indicating the effect of variation of the input parameter for
the response. For TMAX, the most influent parameters are,
according to importance, FRPLAQ (multiplicative factor for
laminar NC pressure drop in the core region), REPLAQ
(Reynolds number for turbulent to laminar transition in the
core region), and T2DHR (ternary pool and secondary cir-
cuit temperature level at DHR initiation).

According to the above-mentioned linear regression, 106

simulations are performed to increase the number of calcula-
tions (compared to the 100 ones performed with CATHARE
2) and then to improve the probability value of the NC relia-
bility assessment in the PEA model.

The results are leading to a value of NCDHR unreliability
performance less than 5 · 10−6 with a confidence level above
99%. It is worth to notice that this unreliability value is surely

Table 4: Linear correlation standard regression coefficient.

TMAX TUPPER

SRC Rank SRC Rank

T2DHR 0.23 3 0.30 2

P2DHR 0.02 7 −0.08 7

FUITE −0.05 5 0.08 5

FRPLAQ 0.96 1 0.01 9

ECPLAQ −0.09 4 −0.08 3

REPLAQ −0.24 2 0.80 1

ECDHX1 0.03 6 −0.01 8

ECDHX2 0.01 8 −0.08 4

DPSOUF −0.01 9 0.08 6

overestimated as the upper value of TMAX (1041◦C) esti-
mated by 106 simulations is far from the 1600◦C limit. This
result will be incorporated in the next PEA model.

5.3.2. Sensitivity study upon the DHR isolating
valve opening fraction

Concerning the isolation valves opening fraction, the CAT-
HARE 2 code requires an evolution law of the valve flow
coefficient (Cv) with the valve’s stem position (Pu). The as-
sumption made in the input data deck is considering a linear
evolution of Cv with Pu ranging from 105 (for Pu = 0) and 0
(for pu = 1). The law valve expression in CATHARE 2 code is

Cv = 3600·q
27, 3·Y·

√
x·Pa·ρa·10−5

, (2)

whereY = 1 − x/(3·Fγ·xt), x = ΔP/Pa, Fγ = γ/1.4 ≈ 1, 67/
1.4, xt = 0.6804, q is the mass flow in sonic condition
(in kg/s), Pa is the upstream pressure (in Pa), ΔP is the pres-
sure drop (in Pa), ρa is the upstream gas density (in kg/m3).

According to this expression and the bounding values of
Cv, it seems more efficient to translate the stem position in
terms of additional singular pressure drop in the NC loop
(and here provided by the DHR isolating valve). As reported
in Figure 17, the pressure drop stays under 1000 Pa for a valve
opening fraction above 25%, and increases rapidly for a stem
position less than 10% (around 10000 Pa for a stem position
close to 7%).

Sensitivity calculations were performed with the CAT-
HARE 2 code in order to feel the impact of this additional
pressure loss related to the valve depiction in the code (see
Figure 18).

If we consider a maximum opened fraction for the DHR
isolating valve of 10%, the maximum temperature in the core
is around 1400◦C. However, for this opened fraction (or ad-
ditional pressure drop in the primary NC loop, evaluated at
5200 Pa according to the Cv versus Pu valve law), the gas tem-
perature at core outlet reaches 1286◦C, that is, just above the
1250◦C criteria defined in Section 4.3.2. For a valve opening
fraction close to 7%, which is giving an additional pressure
drop in the NC loop of about 10000 Pa, the 1600◦C criterion
is approximately reached. In Figure 19 are reported the max-
imum temperatures in the core region and of the gas at core
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Figure 18: Maximum fuel temperature evolutions for different val-
ues of DHR valve stem position (1 DHR loop available).

outlet versus the additional singular pressure drop in the NC
loop.

According to the results obtained in this sensitivity study,
it was decided to perform another set of calculations for
an additional singular pressure drop in the NC loop of
about 10000 Pa (i.e., valve opening fraction close to 7%). The
RMPS methodology was applied with the same set of val-
ues for critical parameters as generated by LHS in the RMPS
reference case. The temperature evolutions with time are re-
ported in Figure 20.

In Table 5 are given the statistical results of the responses
provided by the CATHARE 2 calculations.
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Figure 19: Fuel and gas temperature evolutions versus additional
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Figure 20: RMPS alternative case (1 DHR loop, valve opening frac-
tion = 7%).

Table 5: Results for the RMPS alternative case.

Mean SD Lower Upper

TMAX (◦C) 1575 10.09 1547 1595

TUPPER (◦C) 1451 6.81 1434 1465

As in the reference case, a linear correlation has been de-
termined in order to increase the number of calculations (up
to 106) and correlatively, the statistics precision for the NC
reliability evaluation. Considering a pressure loss penalty of
about 0.1 MPa, the unreliability of the NC process is evalu-
ated at about 2, 3, 10−3 considering only the TMAX criterion.
The most influent parameters for the NC performance and
reliability are the same as in the reference case (i.e., T2DHR,
FRPLAQ, and REPLAQ).
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6. CONCLUSIONS AND IMPACT FOR THE GFR DESIGN
AND PROBABILISTIC ENGINEERING ASSESSMENT

In the frame of the ongoing probabilistic safety assessment in
support to the 2400 MWth GFR design (called “probabilistic
engineering assessment”), the RMPS methodology has been
applied in order to assess the performance and the reliability
of the natural circulation DHR in pressurized situations (i.e.,
for intact helium pressure boundary). So far, the gaseous NC
process is foreseen:

(i) for pressurized situations in the early phase (i.e., first
24 hours) of transients characterized by the integrity
of primary circuit;

(ii) for the transient termination (here called “late phase,”
starting around one day after the initiating event) of
depressurized situations.

Owing to the DHR system features (dedicated loops for
forced or natural circulation of gas, with passive water-filled
secondary circuit), the primary gaseous coolant NC perfor-
mance is directly related to the natural circulation capabil-
ity in the secondary side pressurized water circuit, which is
thermally linked to a ternary pool. Then, the frame of RMPS
exercise for the GFR DHR system is involving a “two-in-
one” exercise: one for gaseous coolant, the second for pres-
surized water natural circulation. This interdependency of
physical processes had lead to a methodology proposal in or-
der to define the critical parameters for the RMPS exercise.
This proposal is to determine the critical parameters accord-
ing to “engineering judgment” based on a simplified “deduc-
tive analysis” (or cause-consequence analysis). Two classes of
critical parameters were determined for the pressurized situ-
ation: the first addresses the specific uncertainties associated
with factors on which the magnitude of the engaged forces
and counter forces depends (values of heat transfer coeffi-
cients and pressure losses), where the second relates to un-
certainties associated with the potential discrepancy of T-H
parameters at “transient” initiation.

Correlatively, sensitivity studies were performed with the
CATHARE 2 code to check the influence of the time delay
before the forced circulation is lost (FC being the first line
of defense) on T-H conditions at NC actuation. The results
obtained are exhibiting that the core decay heat and primary
pressure levels at NCDHR actuation do not appear as critical
parameters for the reliability and performance assessment of
this passive system. Translated for the GFR PEA, it validates
the event representation in a Boolean model, as all active sys-
tems failures during the first 24 hours are aggregated as they
occur at initiating event (“static” probabilistic model).

Owing to the precision required for this first NCDHR
performance and reliability assessment and compared to
the magnitude of other sources of uncertainties in the PEA
model, the number of calculations is first limited at 100.
However, a linear correlation between TMAX and input pa-
rameters, and based only on 6 input parameters, has been
determined. The linear standard regression coefficients were
applied in order to rank the most influent parameters. For
the maximum temperature of materials in the core region,

the most influent parameters are according to importance:

(i) FRPLAQ (multiplicative factor for laminar NC pres-
sure drop in the core region);

(ii) REPLAQ (Reynolds number for turbulent to laminar
transition in the core region);

(iii) T2DHR (ternary pool and secondary circuit tempera-
ture level at DHR initiation).

Compared to the failure/success criteria fixed at 1600◦C as
mentioned earlier in this document, the results obtained
with the CATHARE 2 code are exhibiting the safety margin
conferred by the DHR loop structural and thermodynami-
cal design. According to the above-mentioned linear regres-
sion, 106 simulations were performed to increase the number
of calculations (compared to the 100 ones performed with
CATHARE 2) and then to improve the probability value of
the NC reliability assessment in the PEA model. The results
are providing an NCDHR unreliability upper bounded by
5 · 10−6 for the reference case. This result should be regarded
knowing that previous parametric studies on the NCDHR
reliability value in the GFR PEA model (from 10−1, as ref-
erence value, to 0) were leading to a weak reduction of the
core damage frequency of about 3% (for the initiating event
families retained for this first model and according to the as-
sumption that the same level of NCDHR reliability will be
obtained for depressurized situations).

On the other hand, the sensitivity study performed
upon the additional singular pressure drop in the NC loop
(through the DHR system isolating valve opening fraction)
exhibits that the process unreliability ranges from 5 · 10−6

(reference) to 2, 3 · 10−3 ( ΔP ≈ 0.1 MPa) in pressurized sit-
uations. At this stage, it should be mentioned that the valve
opening fraction was not retained as critical parameter (i.e.,
with distribution attached on this parameter) due first to its
influence on temperature results (potentially masking the ef-
fects of others parameters) and also in relation with the com-
mon practice in PSA, in which partially opened valves are not
depicted. These results should be weighted against the mean
reliability value of an active system which is near 10−3.

Nevertheless, the effect of additional pressure drop in the
NC loop may be translated to insights for reactor design team
and is potentially combining a broad range of uncertainties.
Indeed, as the GFR design is still in progress, the improve-
ments of the concept and of specific components (DHR heat
exchanger, core) may lead to a reduction of margin compared
to the present design. In addition, the CATHARE 2 model
for GFR, even detailed, is not representing all the sources of
counter forces potentially challenging the NC process. Then,
for the design team, it defines margin for overall pressure
drop increase in the primary NC loop. Another way to in-
terpret this result could be linked to a reliability allocation
for the NCDHR process in order to guaranty a defined core
damage frequency. Then, it fixes the overall NC loop pressure
drop potential in order to respect the, to date, success/failure
criteria.

The pursuit of this work is now related to the study of
depressurized situations where the primary circuit is linked
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to the guard containment and to T-H involved in it (natural
leakage, exchange with a large amount of structures, etc.).

NOMENCLATURE

f : Friction factor;
Re: Reynolds number;
Nu: Nusselt number;
Pr: Prandtl number;
Cv: Valve flow Coefficient;
Pu: Stem position for a valve;
q: Mass flow in kg/s;
Pa: Upstream pressure in Pa;
ρa: Upstream gas density.
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