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Abstract 

A metal-fueled pool-type liquid metal fast reactor (LMFR) provides large margins to sodium boiling and 
fuel damage under accident conditions. The favorable passive safety results are obtained by both a reactivity 
feedback mechanism in the core and a passive decay heat removal system. Among the various reactivity 
feedbacks, the ones by a thermal expansion of a radial dimension of the core and by the control rod drivelines 
are strongly dependent on the flow conditions in the core and the hot pool, respectively. The effects of 
multidimensional thermal hydraulic characteristics on these reactivity feedbacks are investigated by the 
system-wide safety analysis code SSC-K with advanced thermal hydraulics models. Particularly a detailed 
three dimensional thermal hydraulics reactor core model is integrated into SSC-K for use in a whole system 
analysis of the passive safety aspects of LMR designs. The model provides fuel and cladding temperatures for 
every fuel pin in a reactor and coolant temperatures for every coolant sub-channel in the reactor. 

1. INTRODUCTION 

As part of an International Nuclear Energy Research 
Initiative (I-NERI) cosponsored by the U.S. Department 
of Energy and the Republic of Korea Ministry of Science 
and Technology, Korea Atomic Energy Research Institute 
(KAERI) and Argonne National Laboratory (ANL) have 
developed a detailed three dimensional thermal 
hydraulics reactor core model. The new model was 
implemented in ANL and KAERI computer codes for a 
system-wide safety analysis. The objective of the model 
was to provide a high-accuracy capability to predict fuel, 
cladding, coolant, and structural temperatures in reactor 
fuel subassemblies, and thereby reduce the uncertainties 
associated with the lower fidelity models previously used 

for safety and design analyses. This is especially 
important for new reactors that have not yet been built 
and for existing reactors in conditions outside the range 
in which temperature and reactivity measurements have 
been made.  

Current practice for a LMFR safety analysis is to use a 
multiple channel approach in which each group of 
channels represents one or more subassemblies. This 
approach ignores lateral temperature and flow variations 
within a subassembly, so a hot channel factor is used to 
account for these lateral variations. A detailed sub-
channel analysis for a whole core would eliminate the 
need for hot channel factors and their associated 
uncertainties. A whole core subchannel analysis can also 
reduce the uncertainties in the treatment of reactivity 
feedback effects, especially the reactivity effects of a 
subassembly bowing. 
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KAERI has been developing a system-wide transient 
analysis code SSC-K[1], in which a multidimensional 
hot pool model calculates the coolant temperature and 

  



velocity profiles in the hot pool more accurately. The 
industry standard two-equation (κ-ε) turbulence model 
was included in the hot pool model. The developed 
model was verified by using experimental data and a 
code-to-code comparison analysis using the CFX code.  

The unprotected overpower transient (UTOP) safety 
analyses of an innovative LMFR design, KALIMER-
150[2], were performed with the SSC-K code combined 
with the three dimensional subassembly thermal 
hydraulic computational model. The purpose of these 
analyses is to evaluate the inherent safety margin 
enhancement provided by the reactivity feedback 
mechanisms in the KALIMER-150 design to mitigate 
low-probability accident consequences. 

2. KALIMER-150 DESIGN 

The KALIMER-150 conceptual reactor design 
developed by KAERI was selected for a simulation of 
the thermal hydraulic behavior of the core and hot pool. 
The KALIMER-150 design is depicted in Fig. 1. 
KALIMER-150 is a 150 MW electric, pool-type, 
sodium-cooled, metal-fuelled fast reactor that serves as a 
prototypic demonstration for future commercial LMFR 
designs. The safety design philosophy of KALIMER-150 
places a maximum reliance on the passive responses to 
abnormal and emergency conditions, and minimizes the 
need for active and engineered safety systems.  

Metallic fuel is selected as the most proper fuel due to 
its in-reactor performance, nuclear characteristics, 
proliferation resistance, and inherent safety performance. 
The reactor core is designed to have a negative power 
reactivity coefficient during all modes of a plant 
operation. The KALIMER-150 design includes features 
to protect against an accident propagation. The large heat 
capacity of the pool-type primary system provides a long 
time for an evolution of the system transients and 

increases the time margins for an emergency response. 
The safety systems are based on a passive system and do 
not require active components for coping with accidents. 
It improves the reliability of the KALIMER-150 safety 
functions. The KALIMER-150 has a passive safety 
decay heat removal system (PSDRS) which utilizes a 
natural convection between the containment vessel and 
surrounding air, and it operates continuously. 

3. COMPUTATIONAL METHODS 

KAERI has been developing the SSC-K code for the 
safety analysis of the innovative liquid metal reactor 
designs adopted by KALIMER-150. SSC-K features a 
point kinetics model for the neutronics and a one-
dimensional thermal-hydraulic model for the reactor 
coolant system, but a multidimensional hot pool model 
has been coupled into SSC-K for a realistic 
representation of the thermal stratification anticipated in 
the hot pool. Realistic calculations of the coolant and 
fuel temperature distributions in the core under accident 
conditions must be a key factor for an estimation of the 
core reactivity feedback concerned with an inherent 
safety issue. Therefore the three-dimensional core 
thermal hydraulic model would play a key role for the 
detailed calculations of the core coolant and fuel 
temperatures. 

 
3.1 Three-Dimensional Thermal-hydraulic Reactor 

Core model  

   
 

The new model uses a coolant sub-channel treatment 
similar to that used in COBRA. The formulation of the 
governing equations with variable descriptions is not 
explained in this paper. The detailed explanations are 
available in references [3] and [4]. The subchannel 
treatment includes an axial coolant flow parallel to the 
pins and a cross flow between sub-channels driven by 
pressure differences, and a wire wrap sweeping. Both a 
forced convection and a buoyancy-driven natural 
circulation are handled. The model accounts for a 
subassembly-to-subassembly heat transfer by a 
conduction through the subassembly duct walls and 
through the coolant between subassemblies. 

The model was specifically designed for an integration 
into the ANL SASSYS-1 [5] code as well as the KAERI 
SSC-K code. The main frame of the whole core thermal 
hydraulic model developed by ANL was linked to the 
SSC-K primary loop model for steady state and transient 
calculations. The interface requirements were updated in 
parallel with the modification of the SSC-K code. The 
basic conservations equations used include the continuity, 
momentum and energy equations for the coolant. An 
energy equation is used for the fuel pin. In addition, 
equations were determined for calculating the pressure  Fig. 1  KALIMER-150 Design 



 
driven and the wire-wrap sweeping cross-flow between 
adjacent coolant subchannels and for calculating the heat 
flow between adjacent subchannels due to a turbulent 
mixing and a thermal conduction. Cylindrical geometry 
with a radial heat conduction is used for calculating the 
fuel pin temperatures. 

Model verification was performed by SASSYS-1 at 
ANL with an execution of a simulation of the Shutdown 
Heat Removal Test 17 [6] performed in the EBR-II 
reactor. The test was a simulation of a protected loss-of-
flow accident. Transient peak coolant temperatures in the 
instrumented subassembly are shown in Fig. 2. After the 
control rods scram at time zero the power drops very 
rapidly, leading to a rapid drop in the coolant 
temperature. Then, as the pumps coast down and stop the 
flow rate drops, leading to higher coolant temperatures 
until a natural circulation head builds up and increases 
the coolant flow rates. The calculated and measured 
coolant temperatures are almost identical during the 
pump coast-down phase of the transient. Later in the 
transient the calculated and measured temperatures still 
agree well, with each other.  

For the KALIMER-150 UTOP analysis with this 
model, the whole core was represented by its 1/6 
segment, as shown in Fig. 3, based on a symmetric 
configuration. Subassemblies with a similar initial power, 
flow, and irradiation exposure, have been grouped into a 
total of 14 subassembly types. There are a total of 696 
channels in the whole core subchannel model for the 126 
subassemblies in the KALIMER-150 reactor. For the 271 
pin driver fuel subassembly model, 60 coolant channels 
were used to allocate a unique coolant channel to each 
row of pins in each 60o sector of the subassembly as 
shown in Fig. 4. 39 axial segments including 20 for the 
active core region were employed in the channel models 
for all the analyses. This level of detail is appropriate for 
demonstrating the multidimensional aspects of a 
transient heat transfer and fluid dynamics effects in a 
safety analysis, and is consistent with available design 
data for intra-subassembly specifications. 

 
 

3.2 Two-Dimensional Hot Pool Model 
As for the hot pool model in the SSC-K code, a user is 

able to select either a simple lumped-parameter model or 
a detailed two-dimensional model to simulate the thermal 
hydraulics of the hot pool above the core. In the simple-
lumped parameter model, the penetration distance of the 
core outlet flow into the hot pool is first determined by 
an experimental correlation and a fluid mixing in the 
region of a penetration is then calculated.  

The detailed two-dimensional model calculates the 
coolant temperature and velocity profiles in the hot pool 
more accurately. The industry standard two-equation (κ-
ε) turbulence model was included in the two dimensional 
hot pool model. No-slip condition is assumed at the wall 
and a wall-function approach is used to model the near-
wall flow. The developed model was verified by using 
experimental data and a code-to-code comparison 
analysis using the CFX code  

Under accident conditions, the coolant temperature 
entering the core inlet plenum through the intermediate 
heat exchanger (IHX) in the hot pool affects the 
reactivity feedback in the core. Particularly the sodium 
plume emitting from the core outlet washes the control 
rod driveline (CRDL), which affects the reactivity 
feedback due to the thermal expansion of the CRDL in 

Fig. 2  Transient Peak Coolant Temperatures in the
Instrumented Subassembly of EBR II 
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the hot pool. Therefore the thermal-hydraulics of the hot 
pool under off-normal or accident conditions is of 
importance for the LMFR safety.  

4. ACCIDENT ANALYSIS 

Transient simulations of an unprotected transient 
overpower (UTOP) accident sequence were performed 
using the SSC-K computer code. The baseline analysis 
was performed using the customary single-pin core 
thermal hydraulic model with the lumped-parameter hot 
pool option. While the multi-dimensional analysis was 
performed using the whole core subchannel model with 
the two dimensional hot pool option and all other 
modeling assumptions are the same as were employed 
for the baseline analysis. 

For the UTOP sequence, it is assumed that a control 
system failure results in an inadvertent withdrawal of a 
control rod, and the plant scram systems also fail. All 
other systems, including the coolant pumps and balance-
of-plant, are assumed to continue a normal operation. 
The control rod withdrawal is assumed to insert 0.3 β of 
reactivity linearly in 15 seconds of time, where β is the 
effective delayed neutron fraction.  

The reactivity insertion leads to a power increase, 
which raises the fuel, coolant, and structural 
temperatures. These temperature increases cause 
reactivity feedbacks due to the fuel Doppler effect, fuel 
and cladding axial thermal expansions, a coolant density 
decrease, a radial core dilation by a structural thermal 
expansion at the above-core load pad plane, and a 
thermal expansion of the CRDL. The net reactivity, 
which is the sum of the assumed reactivity insertion and 
the feedbacks, rises initially with the inserted reactivity, 
but soon peaks and falls as the negative feedbacks 
counter the only positive feedback from the coolant 
density reduction. The net reactivity eventually decreases 
to near zero, and in the long term, begins a slow, low-
amplitude, negative-to-positive oscillation as the reactor 
adjusts to the heat rejection provided by the steam 
generators. 

Doppler feedback is the usual mechanism to limit an 
overpower event of a core. But a metal-fueled core has a 
small Doppler feedback due to a hard neutron spectrum, 
and an UTOP can be a very challenging event for the 
KALIMER-150 core. Instead of the Doppler feedback, 
the core must rely on the reactivity feedbacks from the 
core radial expansion, fuel axial expansion, and control 
rod expansion to limit the peak power. Therefore, the 
inherent safety features are strongly dependent on the 
reactivity feedback effect in the core. 

The objective of the detailed whole core subchannel 
treatment in conjunction with the two dimensional hot 
pool option is to provide a more accurate, less 

conservative, method for estimating temperature changes. 
The whole core subchannel analysis can reduce the 
uncertainties in the treatment of the reactivity feedback 
effects.  

The core restraint system is designed to provide a 
negative overall power coefficient in normal operating 
conditions by causing a controlled dilation of the core 
subassemblies with an increasing coolant temperature. A 
more accurate calculation would provide an additional 
negative feedback in beyond-design-basis conditions and 
would provide safety margins in unprotected accidents. 

The thermal expansion of the CRDL provides a 
slowly-acting negative feedback. To realize this effect, it 
is necessary to transport the heat from the reactor to the 
drivelines. Dispersal of the coolant in the hot pool above 
the reactor tends to delay a heating of the drivelines. The 
CRDL reactivity feedback model would be described in 
detail by the two-dimensional hot pool model because of 
an accurate prediction of the coolant temperature and 
velocity distributions in the hot pool. 

5. ANALYSIS RESULTS 

The main concern of the UTOP analysis is to evaluate 
the system response by the nuclear-kinetic and thermal 
hydraulic effects that inherently involve shutting the core 
down to acceptable power levels, which precludes a 
coolant boiling and fuel damage. Since such a severe 
situation occurs during the initial period, extending over 
the initial several hundred seconds of the transient, the 
SSC-K calculation was terminated at 10 minutes by the 
user. 

The reactor power and flow transients for the baseline 
UTOP case calculated by SSC-K and SASSYS-1 are 
shown in Figs. 5 and 6, respectively. SSC-K calculates a 
slower power decrease since the total reactivity is less 
negative than that calculated using SASSYS-1. The core 
flow stays constant for two code calculations as shown in 
the figure. SSC-K predicts that the power reaches a peak 
of 1.48 times the rated power at 16.0 seconds into the 
transient and begins to level off at 1.08 times the rated 
power by 400 seconds. While the peak power by 
SASSYS-1 increases to 1.50 times the rated power at 
15.0 seconds and later stabilizes at 1.05 times after 600 
seconds. The observed discrepancy in the power is 
mainly the result of different rates of reactivity change 
during the first 15 seconds, and the power varies slowly 
thereafter. 

The reactor power peaks at about 150% and then 
slowly decreases to seek an equilibrium with the 
available heat sink provided by the coolant system heat 
capacity and the heat rejection by the steam generators. 
The power rise is driven by the assumed control rod 
withdrawal, and the reactor responds with negative 



   
 

reactivity feedbacks triggered by the elevated fuel and 
coolant temperatures. The negative feedbacks reduce the 
net reactivity and lower the reactor power to an eventual 
equilibrium with the heat removal. 

The ‘Multi-D’ in the figure caption means the multi-
dimensional thermal hydraulic analysis with the 
multiple-pin model, as compared to the baseline analysis 
with a one dimensional single-pin analysis. It is shown 
that the peak reactor power for the single-pin result is 
slightly higher than the multiple-pin results, as a 
consequence of the slightly higher net reactivity until the 
peak time.  

Figures 7 and 8 depict the reactivity components for 
the baseline and the multi-D UTOP cases. A close 
examination of the component reactivities indicates that 
the difference between the single-pin and multiple-pin 
subassembly models is due to a difference in the core 
radial expansion reactivity and the CRDL reactivity 
during the entire transient. The core radial expansion 
reactivity in this transient is from the heating and thermal 
expansion of the hexcan load pads at the above-core 
axial location. The multiple-pin model is providing a 
faster heating rate for the structure at the load pad 
location, yielding the early difference in the reactivity 
feedback.  

The effect of the hot pool model for the positive 
buoyancy condition at the core outlet during the UTOP 
was investigated. The core outlet flow is a higher 
temperature than the bulk temperature of the hot pool 
because of no reactor scram. In this case, the core jet 
plume reaches the top of the hot pool. The simple hot 
pool model calculation assumes an instantaneously 
complete mixing process within the hot pool. While the 
two-dimensional model treats a realistic mixing process, 
which has a time delay for obtaining a full mixing in the 
hot pool.  

The CRDL reactivity feedback effect predicted by the 
two hot pool models are somewhat different at the early 
period of the transient and become closer at the later 
periods as shown in the figures. It was found that the 
different trend of the power in Figs 5 and 6 is due to the 
CRDL reactivity feedback effect by the relative thermal 
expansion of the CRDL and the reactor vessel. 

The pool temperatures at the core outlet and at the 
IHX inlet nozzle (hot pool outlet) are compared in Fig. 9. 
The IHX inlet temperature predicted by the simple model 
is higher than the temperature by the two-dimensional 
model during the initial 60 seconds because of the 
different mixing process in the hot pool. The core outlet 
temperatures predicted by the two models are very close 

Fig. 8  Reactivity Components for Multi-D Case 
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during the initial 16 seconds into the transient.  
Figure 10 shows the temperature contours in the hot 

pool predicted by the two-dimensional model. The 
sodium temperature at the IHX inlet nozzle within the 
hot pool remains at a steady-state condition until 20 
seconds into the transient, which is consistent with the 
plots in Fig. 9. It should be noted that the KALIMER-
150 design has inherent safety characteristics and is 
capable of accommodating a UTOP event. The self-

regulation of the power without a scram is mainly due to 
the inherent and passive reactivity feedback mechanisms.  

6. CONCLUSION 

In summary, the multidimensional thermal hydraulic 
characteristics in the core subassembly and the hot pool 
have a dominant influence on the passive reactivity 
feedbacks during the KALIMER-150 UTOP event. It has 
been found that an inclusion of a detailed whole core 
sub-channel model in the system-wide safety analysis 
code, SSC-K, increases the accuracy and decreases the 
uncertainties in the predictions of the reactor safety 
margins in accident conditions. It should be pointed out 
that increased detail in the thermal-hydraulic analysis 
must be matched by increased detail in the reactivity 
feedback modeling.  
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