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Abstract – An innovative hybrid loop-pool design for sodium cooled fast reactor (SFR) has been
recently proposed with the primary objective of achieving cost reduction and improving safety.
With the hybrid loop-pool design, closed primary loops are immersed in a secondary buffer tank
with fully passive decay heat removal systems added. This manuscript briefly describes the hybrid
loop-pool design concept and presents the calculated thermal responses for loss of forced
circulation (LOFC) transients with scram using RELAP5-3D.

I. INTRODUCTION

There are two types of primary system layouts for
sodium cooled fast reactors (SFR) – the loop design and
the pool design. The loop type design is favored in Japan.
In loop type designs such as JOYO1, MONJU2 and the
advanced loop type designs3-5 in Japan, the primary coolant
is circulated through intermediate heat exchangers (IHX)
and primary pumps external to the reactor vessel. Fig. 1
presents a schematic view of the primary system layout for
the advanced loop design. The loop design has the
advantages of the compactness of the primary circuit, easy
maintenance and repair as well as easy in-service
inspection. However it has the disadvantages of having
higher probability of sodium leak and slightly higher
capital cost. The reactor vessel is small but with the
connection pipes, hence more penetrations through the
vessel. The compactness of the primary circuit requires a
small sodium inventory, consequently a smaller amount of
sodium needs to be purified during operation. However,
smaller sodium inventory provides the reactor with less
thermal inertia. Over the years, Japanese researchers have
made significant progresses for the loop design in terms of
achieving cost reduction through innovative designs such
as compact design of reactor structure, shortening of
piping, reduction of loop numbers, integration of IHX &
primary pump, etc. The loop design also evolved to adapt
some passive safety design features from the pool design
such as fully passive direct reactor auxiliary cooling
systems (DRACS) as decay heat removal systems3-5.

Fig. 1. Schematic view of the advanced loop design of SFRs.

The pool type design is more widely used elsewhere in
the world. EBR-II, PRISM and ALMR in the USA, BN-
600 in Russia, Phénix & Superphénix in France, European
Fast Reactor (EFR), and FBTR in India are pool type
SFRs6. Fig. 2 provides a schematic view of the primary
system layout for a conventional pool type design. In the
pool type design, the reactor core, primary pumps, IHXs
and DRACS heat exchangers (DHX) all are immersed in a
pool of sodium coolant within the reactor vessel. All
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primary coolant piping is contained within a sodium pool,
making a loss of primary coolant extremely unlikely. The
sodium pool also provides large thermal inertia in the
system; hence the transients tend to be slower and milder,
making the system inherent safe. In addition, the reactor
vessel is a simple, albeit large, structure with no
penetrations. The hot sodium at core outlet temperature in
the hot pool is separated from the cold sodium at core inlet
temperature in cold pool by a single integrated thermal
baffle. The thermal baffle separates the hot pool from the
cold pool and provides the exchange of the sodium from
the hot pool to the cold pool through IHXs. The reactor
vessel is exposed only to cold sodium, so it is not subject to
severe thermal transients. A guard vessel is provided as an
additional passive feature. The guard vessel surrounds the
reactor vessel and will capture and contain any reactor
vessel leakage and prevent the IHX inlet, DRACS heat
exchangers and core assemblies from being uncovered.

Fig. 2. Schematic view of existing pool type design of SFRs.

However, a pool type design makes primary circuit
larger than that of a loop design, which requires large
amounts of sodium inventory to be purified. In addition,
due to the opacity of sodium, it is difficult to perform in-
service inspection, maintenance and repair for a pool type
design of SFR.

The current pool type designs face the following
challenges in terms of primary system design optimization:

1. The hot pool and the cold pool are coupled through
IHXs and primary pumps. During LOFC transients, small
flow resistance is essential to establish adequate natural
circulation to remove heat from the reactor core to the cold
pool. Due to this reason, only traditional tube and shell
IHXs with low flow resistance can be used. High flow
resistance compact heat exchangers are difficult to be
utilized as IHXs. Hence, it is difficult to further reduce the
size of the sodium tank.

2. One way to improve the economics of SFR is to
obtain higher thermal cycle efficiency. To achieve that,
both the reactor inlet & outlet temperatures need to be
increased. Since the reactor inlet temperature is
approximately the same as the cold pool temperature,
increasing cold pool temperature would: 1) decrease
thermal inertia of the system and 2) the reactor vessel
would be subject to higher temperatures both in normal and
transient conditions. Due to these reasons, the reactor inlet
temperature may have to be set at a conservative low value.

Toward the end of reducing capital cost, improving
safety and providing flexibility to optimize the design, we
have proposed an innovative hybrid loop-pool design7. The
design takes advantage of the easy in-service inspection
and compactness of the loop design and the inherent safety
of the pool design. To put simply, this design is a closed
primary loop in a separate buffer pool design with fully
passive safety systems added. The fully passive safety
system is called pool reactor auxiliary cooling system
(PRACS).

In this paper, the hybrid loop-pool design concept will
be described. To verify the design concept, RELAP5-3D
modeling of the hybrid loop-pool design for a 250 MWt
reactor design based on the Argonne National Laboratory’s
Advanced Burner Test Reactor (ABTR)8 core design and
primary system design will be discussed. The results for
LOFC with reactor scram transient analysis will be
presented to demonstrate the effectiveness of decay heat
removal from the primary system to the cold pool (buffer
pool) through the PRACS. Furthermore, some parametric
study results will be presented, including the sensitivities of
the transient behavior with respect to the variations in
PRACS heat exchangers (PHX) surface area, the IHX
primary side flow area and the primary pumps coastdown
time.

II. HYBRID LOOP-POOL DESIGN DESCRIPTION

In the hybrid loop-pool design, closed primary loops
are formed by connecting the reactor outlet plenum (hot
pool), intermediate heat exchangers (IHX), primary pumps
and the reactor inlet plenum with pipes. The primary loops
are immersed in the cold pool. The cold pool is
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hydrodynamically decoupled from, but thermally coupled
to, the primary cooling circuit and becomes a buffer pool.
This paper will use the terms cold pool and buffer pool
interchangeably. During transients or accidents, modular
PRACSs transfer heat from the primary system to the
buffer pool. Fig. 3 presents a schematic view of the hybrid
loop-pool design configurations.

Fig. 3. Schematic view of the hybrid loop-pool type design
of SFRs.

Under normal operation condition, the primary loops
operate in forced circulation driven by primary pumps
which could be located either in the reactor hot leg or in the
cold leg. The primary pumps take suction from the hot
pool at near atmospheric pressure and drive the hot sodium
through IHXs back to the reactor core inlet plenum at the
bottom of the reactor. The IHXs could be either traditional
tube-shell heat exchangers or modular, compact heat
exchangers. Compact heat exchangers have much higher
power density (5 to 10 times higher) and are much smaller
than tube-shell type heat exchangers. A small bypass with
reactor inlet temperature flows upward through PRACS.
This bypass flow adds a small amount of heat to the cold
pool. This added heat is mainly removed by the DRACS to
the environment. DRACS is a natural circulation system
with a set of modular DHX immersed in the sodium pool.
The primary systems and the cold pool are thermally
coupled by the PRACS, which is composed of PRACS heat
exchangers (PHX), fluidic diodes and connecting pipes.
Fluidic diodes are simple, passive devices that provide
large flow resistance in one direction and small flow

resistance in reverse direction. A fluidic diode generates an
irreversible loss of kinetic energy by creating a strong
vortex flow in one direction, while flow in the opposite
direction does not have this effect. Therefore, the fluidic
diodes restrict upward leakage flow through PRACS during
forced circulation and provide low resistance during
buoyancy-driven natural circulation flow in the reverse
(downward) direction. Fig. 4 presents a schematic view of
one type of simple fluidic diode designs.

Fig. 4. One type of fluidic diodes.

DHXs are immersed in the cold pool to transfer decay
heat to the environment by natural circulation. Both DHX
and PHX modules use conventional tube bundles to reduce
flow resistance and are placed in baffles to enhance natural
circulation as shown in Fig. 3. Conversely, an alternative
integrated decay heat removal system, reactor vessel
auxiliary cooling system (RVACS), was used in the
PRISM9 sodium cooled fast reactor design. The modular
PRACS/DRACS decay heat removal system selected here,
rather than an RVACS, allows the decay heat removal
capacity to be scaled up and down independent of the
reactor size. The modularity provided by the
PRACS/DRACS combination, allows the reactor power to
be easily scaled up or down without restrictions from decay
heat removal capability. Consequently scaling up or down
the size of PRACS/DRCAS can be done by simply
choosing the correct number of modules matching the
desired power output10.

A similar design was used for the liquid salt cooled
advanced high temperature reactor (AHTR) system
developed by UC Berkeley10 and this configuration has
become the baseline design for the AHTR project led by
Oak Ridge National Laboratory. The most recent concept
design for fast spectrum molten salt reactors also employed
similar configuration11.
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Fig. 5. Flow patterns during loss of forced cooling (LOFC).

Under the LOFC transient with reactor scram, reduced
heat transfer in the reactor core causes the core
temperatures to rise. Natural circulation establishes quickly
and flow reversal happens through PRACS loops. If the
intermediate loop heat removal is continued, natural
circulation continues to remove decay heat through the
IHX modules. If the secondary heat sink is lost, decay heat
removal mainly occurs to the buffer tank through the PHX
modules. Heat rejection from the buffer sodium tank to the
environment occurs dominantly through DRACS. The PHX
heat transfer area is normally sized to match decay heat
generation approximately 2 to 3 hours after loss of LOFC
occurs. The DRACS heat removal systems are sized to
match decay heat generation approximately 4 to 6 hours
after LOFC occurs. Fig. 5 provides a more detailed
schematic view of the flow patterns on the primary side of
the PHX modules, the buffer side sodium as well as within
the DHX. At the later stage of the primary pump coastdown
following the initiation of LOFC, flow reversal occurs
through PHXs. Hot sodium from the hot pool flows
downward through PHX modules and transfers heat to
PHXs. The buffer sodium flows upward on the shell side
of the PHXs within the baffles and is heated up. The hot

sodium exits PHXs and rises up to the top layer of the
buffer pool. The DHX modules suck the hot sodium from
the top layer of the buffer pool. The hot buffer sodium is
cooled by the DRACS fluid in the DHX tube side. The
colder sodium exiting the bottom of the DHX goes down to
the bottom layer of the buffer tank. During LOFC, the
buffer tank is thermally stratified.

This hybrid loop-pool design fully decouples reactor
inlet temperature and the cold pool temperature, (as does
the primary heat transfer system and the passive safety
system) and physically decouples the hot pool sodium and
cold pool (buffer pool) fluid. The decoupling provides
much more design flexibility to optimize the design by
balancing economics and safety. For example, the cold pool
temperature can be set at a lower value than that for a
conventional pool design, which consequently increases the
thermal inertia. Both core inlet and outlet temperatures
could be increased which yields higher thermal efficiency
for electricity generation. PRACS may provide better
natural circulation ability to keep the peak cladding
temperature staying below its limit during loss of forced
circulation transients. An accompanying paper discussed
additional benefits of the hybrid loop-pool design for SFR12.

It should be pointed out that with the hybrid loop-pool
design, forced and natural circulation operations more
closely resemble that in the advanced loop design such as
JSFR3 rather than a pool-type sodium cooled fast reactor.

III. RELAP5-3D ANALYSES

To verify the hybrid loop-pool design concept,
especially how the passive safety systems behave during
transients such as LOFC with scram, a RELAP5-3D model
of the loop-pool hybrid design was developed. RELAP5-
3D13 is the latest version of an Idaho National Laboratory
code that has been primarily used to simulate thermal-
hydraulic transients in many light water reactors. However,
the code has a generalized capability to simulate a wide
range of working fluids including sodium. The code has
been used to simulate other advanced reactor designs, such
as lead-bismuth-cooled fast reactor design14,15, very high
temperature gas-cooled reactor16 and the pebble bed
advanced high temperature reactor (PB-AHTR)17.
RELAP5-3D has lately been extended to evaluate sodium
cooled fast reactor design18,19.

The ABTR core design and the primary system design
developed by Argonne National Laboratory were used as
the reference design for this analysis. The ABTR is a 250
MWth conventional pool type SFR with the reactor inlet
temperature at 355°C and the outlet temperature at 510°C.
The reactor core has 199 assemblies – 54 driver
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assemblies, 78 reflector assemblies, 48 shield assemblies,
10 control rod assemblies and 9 test assemblies. The 54
diver assemblies are divided into two enrichment zones –
24 driver assemblies in the inner zone and 30 in the outer
zone. The driver fuel is ternary metal alloy (U-TRU-ZR)
fuel with WG-Pu feed. The fuel enrichments of inner and
outer driver fuel are 16.5% and 20.7% respectively. The
fuel assembly has an overall length of 328 cm and contains
217 fuel pins arranged in a triangular pitch array. Fuel pins
are made of sealed cladding containing a metallic fuel
column of 80 cm length. The cladding material is HT-9.
The bottom of the fuel pins consists of solid HT-9 rods with
60 cm length for lower axial shielding. A 120 cm long
fission gas plenum is located above the fuel slug.

There are two sodium-to-sodium intermediate heat
exchangers rated at 125 MW thermal each to transfer the
250 MWth core power at full-power conditions for the
ABTR. These IHXs have the traditional shell-and-tube
counter-current flow arrangement with the primary flow on
the shell-side and the secondary sodium flow on the tube
side. Having the primary sodium on the shell side provides
a low pressure drop. Low pressure drop promotes the
ability to establish natural convection flow for shutdown
decay heat removal from the reactor to the cold pool. One
key element of the conventional pool design relies on
natural circulation of the primary sodium through the core,
the hot pool, IHXs, dead pumps, and the cold pool. With
the hybrid design, the heat removal through IHXs is not the
only heat removal path. The requirement for low primary
sodium pressure drop across IHXs is no longer necessary.
Therefore, there is more flexibility to optimize the IHX
design, such as introducing compact heat exchangers as
IHXs.

With some fairly straightforward modifications to the
ABTR design, such as adding the PRACS and closing the
primary loops as shown in Fig. 3, a hybrid loop-pool
design, SFR-Hybrid, is obtained. The reference SFR-
Hybrid design assumes that the steady state buffer pool
temperature is the same as the reactor inlet temperature.
The PHX heat transfer area is sized to match decay heat
generation approximately 2 to 3 hours after the LOFC
occurs.

This study includes modeling of steady state operating
condition and LOFC with reactor scram transient. The
primary objective of this analysis is to demonstrate whether
the fully passive safety systems PRACS and DRACS can
effectively remove the reactor decay heat during LOFC
with reactor scram. DRACS has been proven to be an
effective means of removing decay heat from the cold pool
to the environment with numerous tests conducted with
EBR-II. EBR-II has been conducting tests for over 10
years directed toward passive decay-heat removal by

natural convection20. Design experience with DRACS heat
removal systems also exists for the EFR and the Japanese
advanced loop design. Hence the question to be answered
in this analysis is to demonstrate that PRACS can
effectively remove the shutdown decay heat from the
primary system to the buffer pool after the reactor scrams.

RELAP5-3D utilizes various fluid properties,
including the thermodynamic properties of specific volume,
specific internal energy, coefficients of thermal expansion
and isothermal compressibility and specific heat capacity at
constant pressure and the transport properties of thermal
conductivity and dynamic viscosity. The RELAP5-3D
thermodynamic and heat transfer transport properties for
sodium are based on correlations from Fink and
Leibowitz21 of Argonne National Laboratory. Cladding
properties were taken as the HT9 data presented in
reference 22.

Figure 6 shows the RELAP5-3D model of the SFR-
Hybrid. The model represents the primary coolant circuit,
the PRACS, the buffer fluids, and the DRACS. The
primary coolant circuit is represented by the reactor core,
reactor inlet plenum (component 290), reactor outlet
plenum (component 201), the hot pool (component 224),
IHXs (component 240) and primary pumps (component
262).

In order to more accurately represent the non-uniform
heat generation in the core, the assemblies and the bypass
flow are grouped into seven parallel flow channels: 1)
Control assemblies, 2) Inner zone driver assemblies, 3)
One limiting assembly, 4) Outer zone driver assemblies, 5)
Reflectors, 6) Shields and 7) Bypass flow. Hence, the
reactor core is represented by seven components.
Component 110 represents control assemblies, 111 for
inner driver fuels, 123 for outer driver fuels, 150 for the
limiting assembly, 131 for reflectors, 132 for shields and
180 for the bypass. There are two identical primary
circuits in the actual RELAP5-3D model. Only one is
shown in Fig. 6.

The IHXs from the ABTR design are used for this
SFR-Hybrid analysis. There are 3300 tubes in each IHX.
The tube outer diameter is 1.59 cm. Tubes are arranged
triangularly with a pitch of 2.23 cm (P/D=1.40). The active
tube length is 3.85 m. The cold intermediate sodium enters
the IHXs through a central 44.6 cm downcomer. The
downcomer delivers the cold sodium through the lower
tube sheet into a header manifold, where it turns 180° and
rises through the tube bank in counter current flow to the
shell side primary sodium. The hot intermediate sodium
exits the tubes into an upper header manifold, and then
flows through an annular riser which is concentric to the
downcomer. A fairly detailed modeling for IHXs has been



Proceedings of ICAPP ‘08
Anaheim, CA USA, June 8-12, 2008

Paper 8070

implemented in RELAP5-3D model with 39 control
volumes to account for the various geometric variations.

The pump model has a reference coastdown time of
about 200 seconds.

The hot pool was represented with component 224. A
well-mixing model is used for the hot pool due to
RELAP5-3D’s inability to analyze thermally stratified
sodium pool.

The PRACS is represented by the PHX primary side
(component 630), fluidic diode (component 620) and
connecting pipes. The PHXs are conventional tube and
shell type heat exchangers with the primary side sodium
flows within the tubes and the buffer sodium flows in the
shell side. The PRACS are made of four identical modular
systems. Due to the superior heat transfer properties of
sodium, the PRACS heat exchangers can be made very
compact. Each reference PHX module has only 20 tubes of
2 meter long. The tube outer diameter is 2 cm. The

connecting pipes for PRACS are 12.5 cm in diameter. The
tubes are arranged in square with the pitch to diameter ratio
of 2. The 80 tubes of the four PHX modules are
represented by component 630, which is divided in 0.2 m
high control volumes. Component 620 is represented by a
junction which consists of a junction flow resistance of
K=1 for downward flow and K=400 for upward flow. The
corresponding area for this resistance is the flow area of the
connecting pipes with diameter 12.5 cm. The buffer side of
the PHXs is represented by component 740. It represents
the combined flow inside the tube bundles of the 4 PHX
modules. This component is also divided into 0.2 m high
control volumes.

RELAP5-3D does not have a thermal stratification
model. In order to provide a reasonable evaluation of the
thermal stratification of the buffer pool during transients as
well as modeling the PHXs, the cold pool is subdivided
into three interconnected control volumes, these are
component 250-01 for the upper layer, 250-02 for the mid-
layer and 250-03 for the bottom layer.

Fig.6. Overview of the RELAP5-3D model for SFR-Hybrid.

A simplified model was used for the DRACS.
Component 650 represents the primary side of the DHX
immersed in the cold pool. A constant heat flux was
applied to the heat structure to remove the decay heat to the
environment. The heat flux was calculated with the total
heat removal capacity of 0.75% of the rated thermal power.

The core power distribution from the ABTR neutronics
calculations8 was used in the RELAP5-3D model to
calculate the steady state conditions. The decay heat power
was taken from a light water reactor analysis, which is

conservative for a SFR analysis. Table I lists some key
parameters used for the RELAP5-3D modeling.

LOFC with reactor scram transient was simulated to
demonstrate the decay heat removal capability through
PRACS. The basic transient sequence analyzed here is the
loss of normal power to the primary and intermediate
coolant pumps, with failure of the emergency power
supplies. The reactor scrams immediately when the loss of
normal power happens. The result is an immediate loss of
normal forced flow in the primary and intermediate coolant
circuits. The equipment that provides a flow coast down of
the electromagnetic pumps is assumed to operate. In
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addition, it is assumed that the heat removal at the
intermediate heat exchangers ceases, so that the only heat
removal path is through the PRACS to the buffer pool and
the DRACS removes the heat from the buffer pool to the
environment. Assuming no heat removal through IHXs
represents a bounding case to study the effectiveness of
heat removal capability through the PRACS.

TABLE I

Key Parameters for the RELAP5-3D Model of the SFR-
Hybrid

Parameter Value
Intermediate Heat Exchangers (IHX)

Heat transfer capacity (MWth)
Number of tubes per heat exchanger
Tube pitch-to-diameter ratio
Tube outer diameter (cm)
Active tube length (m)
Central tube outer diameter (cm)

125
3300
1.40
1.59
3.85
40.6

PRACS Heat Exchangers (PHX)
PHX length (m)
PHX connecting pipes diameter (cm)
PHX pitch to diameter ratio
PHX tube outer diameter (cm)
Number of tubes per PHX

2
12.5

2
2

20
Hot Pool Volume (m3) 77.2
Buffer Pool Volume (m3) 146.8

The initial condition for the transient sequence is the
normal operation at full power and flow. A RELAP5-3D
case was run at rated power and flow condition to reach
steady state. Table II shows the values of some key
parameters at rated power condition. The simulation shows
a bypass flow rate through the PRACS of about 1% of the
total flow rate. The reactor inlet temperature and the cold
pool temperature are set to be the same at 355°C.

With the loss of pumping power, flow in the primary
circuit coasts down according to the programmed pump
head decay. The energy for this flow coastdown is provided
by a safety grade energy storage device. Natural
circulation starts to establish in PRCAS during the pump
coastdown. Prior to pumps coastdown stops, natural
circulation flow is already fully established to provide
adequate coolant flow in the core. This mechanism
prevents a potential problem associated with the traditional
pool design in which during the short period during which
the pump stops and the natural circulation is not yet fully
established. This might cause less than adequate coolant
flow in the core and the peak cladding temperature might
rise rapidly. Natural circulation is governed by the balance
between the frictional and hydrostatic forces. The
hydrostatic forces are governed by the fluid temperature
distribution, which depends on the core power, the heat
sources and sinks, and the flow rates. Almost immediately

following the initiation of LOFC, the reactor control system
scrams the reactor, beginning the power reduction to decay
heat level as shown in Figs 7 and 8. Fig. 7 shows the
normalized power at early times after LOFC and Fig. 8
shows that at extended times. Figs. 7 and 8 also show the
normalized total flow rate at the reactor inlet and the flow
rate through PHXs. The normalization for the PHX flow
rate was done with respect to the total reactor flow rate at
the rated power condition.

TABLE II

Initial Conditions for the SFR-Hybrid Model at Rated Power

Parameter Value
Primary coolant system

Core power (MW)
Mass flow rate (kg/s)
Core inlet temperature (°C)
Core outltet temperature (°C)
Peak cladding temperature (°C)
Primary pump specific speed (RPM)

250
1242
355
510
540
283

PRACS
Mass flow rate through PHXs (kg/s) 14.5

Buffer Fluids
Temperature (°C) 355

The LOFC transient calculations assumed that the decay
heat was removed only through PRACS from the hot pool
to the buffer pool. Flow reversal happens in the PHX
modules from the steady state upward bypass flow to the
buoyancy forces driven natural circulation downward flow
at the later stage of pump coastdown as shown in Figs. 9
and 10. Fig. 9 shows the mass flow rate through PHXs
during first 500 seconds after LOFC. This figure provides
detailed view of the development of the flow through PHXs
from the forced circulation flow to natural circulation flow.
The primary pumps rotors completely stop turning at about
200 seconds after the start of the transient. The flow
reversal in PHXs starts to develop at about 150 seconds
and the buoyancy-driven natural circulation flow fully
develops before the pumps stop turning. Hence, the PHXs
provide smooth transition from the forced circulation flow
to natural circulation flow. Fig. 10 shows the mass flow
rate through PHXs at extended time. By considering no
heat removal through IHXs after the initiation of the LOFC
transient provides a bounding case for the purpose of this
analysis.
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Fig. 7. The normalized power, total flow rate at reactor inlet
and flow rate through PHXs, early times.
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Fig. 8. The normalized power, total flow rate at the reactor
inlet and flow rate through PHXs, extended times.
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Fig. 9. Mass flow rate in PHXs for the first 500 seconds after
LOFC.

-20

-10

0

10

20

-1 0 1 2 3 4 5 6

Time (hr)

F
lo

w
R

at
e

(K
g

/s
)

PHX Flow

Fig. 10. Mass flow rate in PHXs at extended times.

Since no credit was taken for the heat removal through
the IHXs during the transient, the sodium temperature
coming out of IHXs is about the same as when it exits the
hot pool. The cold sodium coming out of PHXs is mixed
with the hot sodium coming out of the IHXs at the reactor
inlet plenum and then feeds into the reactor core. Fig. 11
shows some key temperatures during the LOFC with scram.
The peak cladding, hot pool, reactor inlet temperatures are
shown in the figure. The time of importance for the
temperature variations occur at the first several hundred
seconds following the initiation of the LOFC transient. To
provide better view of the temperatures evolution, Fig. 12
shows these key temperatures for the first 600 seconds
during LOFC. The peak cladding temperature reaches
maximum value at around 400 seconds.
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Fig. 11. Temperature responses following LOFC at extended
times.
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Fig. 12. Temperature responses following LOFC at early
times.
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Fig. 13. Temperature response following LOFC.
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Fig. 14. Temperature response in the buffer pool
following LOFC.

Three phases of the LOFC transient can be observed.
The first phase is the forced cooling and thermal mixing at
the early stage of the primary pump coastdown. At this
stage the reactor power drops off at a faster rate than that of

the reactor flow as shown in Fig. 7. The flow to power
ratio is larger than that for the rated power steady state
condition. The reactor outlet temperature and the hot pool
temperature would decrease first and then gradually
increase as shown in Fig. 13. Flow reversal in PHXs has
not occurred yet during this stage. Since there is no heat
rejection through IHXs, the hot sodium from the hot pool
heats up the pumps and the solid structures surrounding the
reactor inlet plenum. Therefore the reactor inlet
temperature rises rapidly to even slightly above the reactor
outlet temperature and the hot pool temperature as shown
in Fig. 13. The thermal inertia in the fuel subassemblies is
small relative to the thermal inertia of the primary sodium.
Due to the high flow to power ratio, the cold sodium from
the lower part of IHXs, pumps and the inlet plenum
effectively cools the fuel subassemblies in the first tens of
seconds so that the peak cladding temperature drops by
about 160°C. When the hot sodium from the hot pool heats
up all the cooler solid structures such as IHX wall, pumps,
and reactor inlet plenum solid walls, the reactor outlet
temperature and peak cladding temperature rise again.

The second phase is the transition from forced cooling
from pump coastdown to fully natural circulation cooling.
As the pump is coasting down, the flow rate through
PRACS is decreasing and approaching zero. Toward later
stage of the pump coastdown, the buoyancy force would
overcome the pump head and reverse the flow in the
PRACS. As the pump coasts down further, the buoyancy
force drives more flow through the PRACS until pump
coastdown stops and the natural circulation fully
establishes. The hot sodium is sucked out of the hot pool
and transfers heat to the buffer pool through PRACS heat
exchangers. The cold sodium coming out of PHXs is then
mixed with the hot sodium coming out of the IHXs in the
reactor inlet plenum. The reactor inlet temperatures stay
slightly above the reactor outlet and the hot pool
temperature because the reactor core solid is still at slightly
lower temperature than the hot pool sodium due to the
initial stage of cooling. However, the inlet temperatures are
trending down.

The third phase is the long-term decay heat removal
phase. During this phase, natural circulation through PHXs
removes reactor decay heat from the primary system to the
buffer pool. The reactor inlet temperature is gradually
decreasing. The peak cladding temperature reaches its
maximum value and starts to decrease. During this phase,
all temperatures evolve very slowly due to the large thermal
inertia of the hot pool and the buffer pool sodium. The
normalized decay heat power will be lower than the
normalized reactor flow rate as shown in Fig. 8 and the
reactor stays safely shutdown.
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The above results demonstrate that PRACS can
effectively transfer decay heat from the primary system to
the buffer pool by natural circulation.

Fig. 14 shows the temperature responses in the three
control volumes in the buffer pool. The modeling for the
buffer pool captures the trend of the thermally stratified
temperature distribution. However, the model may have
exaggerated the thermal stratification. This has minimal
impact on the maximum peak cladding temperature since
the peak cladding temperature reaches its maximum at
about 400 seconds while strong thermal stratification
happens at much later time. The thermally stratified buffer
pool has bigger impact on the long term decay heat
removal capability.

IV. PARAMETRIC STUDIES

Three cases have been run to study the sensitivity of
the temperature response with respect to variations of the
PHX surface area, IHX primary side flow area and the
primary pumps coastdown time.

IV.A. PHX Surface Area Variation

The first parametric study case was run by doubling
the surface area of the PHXs. This was done by merely
doubling the number of the tubes in each PHX module
from 20 to 40 while all other parameters remain
unchanged. The objective of this test is to show how
sensitive the heat transfer through PHXs would be with
respect to the surface area of the PHX pipes. The mass flow
rate in PRACS has increased by about 30% as shown in
Fig. 15. However, the maximum peak cladding
temperature decreased by only a few degrees as shown in
Fig. 16. Case 2 on the figures refers to the case with PHX
heat transfer surface area doubles. This indicates that the
original PHX design is close to be optimal for the SFR-
Hybrid design analyzed in this manuscript. The peak
cladding temperature is less sensitive to the PHX heat
transfer surface area changes.
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Fig. 15. PHX flow rate comparison for the original case and Case
2 with PHX heat transfer surface area doubled.
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Fig. 16. Peak cladding and reactor inlet temperature
comparison for the original case and Case 2 with PHX heat
transfer surface area doubled.

IV.B. IHX Primary Side Flow Area Variation

The second case was run by reducing the flow area on
the shell side of the IHX while keeping other parameters of
the IHX and the other components unchanged. Reducing
the shell side flow area makes IHXs more compact. This
case is intended to demonstrate the sensitivities of the
transient behavior with respect to the reduction of the sizes
of the IHX.

The flow area is reduced by 30% on the primary side
(shell side) of the IHX. Due to the increased friction loss at
IHX, the pump head has to be increased to maintain the
flow rate of the original case at the normal operation.
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Fig. 17. Peak cladding and reactor inlet temperature
comparison for the original case and Case 3 with IHX primary
side flow area reduced.

During the LOFC transient, the IHX primary side flow
area reduction has very little impact on the maximum peak
cladding temperature as shown in Fig. 17. The reactor inlet
temperature hardly changed compared to the original case.
Reducing the primary side flow area only increases the
friction loss marginally when the flow is driven by natural
circulation and hence the flow through IHXs is reduced
only slightly and so is the reactor inlet flow. The slightly
reduced inlet flow and the hardly changed reactor inlet
temperature as shown in Fig. 17 & 18 explain why the peak
cladding temperature only increased by a few degrees.
Case 3 on the figures refer to the case with IHX primary
side flow area reduced by 30%.

This analysis shows that the IHX can be made more
compact without compromising the safety from the thermal
response point of view.
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Fig. 18. Normalized reactor inlet flow rate comparison for
the original case and Case 3 with IHX primary side flow area
reduced.

IV.C. Primary Pump Coastdown Time Variation

The third parametric study case was run by doubling
the primary pumps coastdown time from the original case
of about 200 seconds to about 400 seconds during the
transient while the other parameters were kept unchanged.
Pumps are major components in a SFR. The more
coastdown time required for the pumps, the larger the size
of the pumps and more expensive the pumps will be. The
larger pumps also increase maintenance cost during plant
operations. The objective this case study is to find out how
sensitive the transient response is to the primary pumps
coastdown time.
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Fig. 19. Normalized reactor inlet flow rate comparison for
the original case and Case 4 with primary pumps coastdown time
doubled.
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Fig. 20. PHX flow rate comparison for the original case and
Case 4 with primary pumps coastdown time doubled.

Fig. 19 shows the normalized reactor inlet flow rate for
the original case with 200 seconds coastdown time and the
perturbed case with 400 seconds coastdown time. The
longer primary pumps coastdown delayed the flow reversal
in PHXs as shown in Fig. 20. By doubling the primary
pumps coastdown time has significant impact on the peak
cladding temperature as shown in Fig. 21. The maximum
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peak cladding temperature is lowered by almost 30 oC and
happens at later time compared to the original case.
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Fig. 21. Peak cladding and reactor inlet temperature
comparison for the original case and Case 4 with primary pumps
coastdown time doubled.

This case study shows that the transient behavior is
quite sensitive to the primary pumps coastdown time.
When designing primary pumps for a SFR, the economics
of the pumps selection and the safety of the reactor will
have to be balanced.

V. CONCLUSIONS AND FUTURE WORK

RELAP5-3D analyses have been performed to evaluate
the thermal responses for the hybrid loop-pool design of
SFR under steady-state and LOFC with reactor scram
transient conditions. Transient results show that the fully
passive pool reactor auxiliary cooling system (PRACS) can
effectively remove the reactor decay heat from the primary
system to the buffer pool. The fuel cladding and sodium
temperatures during LOFC are within the temperature
limits. Parametric studies show that large potentials exist
to optimize the design to improve the economics over the
conventional pool designs. Inherent safety characteristics of
the hybrid loop-pool design are ensured by large thermal
inertia of sodium within the hot pool and the buffer pool,
and by the innovative passive safety system design.

The DRACS model utilized in this analysis is a
simplified model, which assumes a constant heat flux
removal from the buffer pool to the environment. A
realistic model should be established in the future to
provide accurate decay heat rejection calculation to the
environment.

Thermal stratification and mixing in the hot pool and
buffer pool need further research and study. Thermal
stratification can be important phenomena in the hot pool
and buffer pool. In this analysis, the thermal stratification

in the hot pool has been ignored by using only one control
volume in the hot pool, which assumes uniform mixing.
The thermal stratification in the buffer pool may have been
exaggerated and need further studies.

Future work will also be extended to analyze LOFC
transients without scram conditions, loss of secondary heat
sink without scram accidents, loss of coolant accidents, and
further optimization analyses such as finding the optimal
buffer pool, reactor inlet and outlet temperatures.
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ACRONYMS

SFR – sodium cooled fast reactor
PRACS – pool reactor auxiliary cooling system
PHX – PRACS heat exchangers
DRACS – direct reactor auxiliary cooling system
DHX – DRACS heat exchangers
IHX – intermediate heat exchangers
LOFC – loss of forced circulation
ABTR – advanced burner test reactor
AHTR – advanced high temperature reactor
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