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ABSTRACT 
 
The multi-scale analysis, where different length scale codes are used together, can improve the accuracy 
of current LWR thermal hydraulics analysis codes which are usually based on the one-dimensional model. 
High fidelity nuclear reactor simulation also involves multi-physics analysis models of the neutron 
kinetics, fuel performance, structures, etc. With recent advances in large scale computer simulations, this 
multi-scale/physics simulation is expected to be used as a practical tool for the next generation LWR 
safety analysis. This will dramatically improve the prediction accuracy of the convectional safety analysis 
and could contribute to the enhancement of the advanced LWR safety. 
A multi-scale thermal hydraulics analysis method is presented based on the CUPID code, which is a 
three-dimensional two-phase flow analysis code developed for a CFD- or component-scale applications. 
For a multi-scale simulation of the reactor coolant system, CUPID has been coupled with a system 
analysis code (MARS) implicitly. Different coupling methods are available depending on the applications. 
The multi-physics usually refers to the thermal hydraulics and the neutron kinetics coupling. CUPID has 
been coupled with neutron diffusion (MASTER) and neutron transport (DeCART) codes for the multi-
physics simulation of the reactor core. Fuel rod wise full reactor core simulation has been realized using 
the coupled code where the reactor core is modeled using several million computational meshes with a 
sub-channel model validated in the previous studies. 
For a practical use of the multi-scale/physics simulation for LWR safety analysis, three-dimensional 
safety analyses are demonstrated using the developed codes for the two PWR accidents of steam line 
break (SLB) and large break loss of coolant accident (LBLOCA). 
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1. INTRODUCTION 
 
The typical length scales used in the LWR thermal hydraulics analysis can be defined as system-scale 
(~m-1), component-scale (m-2), and CFD scale (~m-3) where the system-scale thermal hydraulics analysis 
codes such as REALP5 [1], CATHARE [2], and MARS [3] have been the major tool of the conventional 
LWR safety analysis. The development of these system-scale safety analysis codes have almost 
completed in late 1980’s before the rapid advancement high performance computing (HPC) which has 
been utilized extensively in many engineering fields since 2000 [4]. Therefore, the current LWR safety 
analysis codes can be said to be far behind in terms of HPC where the analysis model is based on 
relatively simple one-dimensional models and a conservative analysis method is employed to account for 
the large prediction uncertainties. More accurate analysis tools are needed for the validation and 
improvement the conservatism adopted in the current LWR safety analysis which has become more 
important to secure the nuclear reactor safety after the Fukushima accident. Nuclear reactor simulation 
also involves multi-physics analysis models including the thermal hydraulics, the neutron kinetics, fuel 
performance, structure, etc. Combination of the multi-physics models is determined by the application. 
For example, coupling of the thermal hydraulics and the neutron kinetics codes is necessary for a high-
fidelity reactor core simulation which is one of the major application of the multi-physics simulation. 
Coupling of a fuel structure code with a thermal hydraulics code is required to satisfy the revised 
LBLOCA analysis rules. 
 
Recent advances in nuclear reactor models and simulation (M&S) technology are based on these multi-
scale/physics analysis methods. Consortium for Advanced Simulation of Light Water Reactors (CASL) 
[5] aims to develop a virtual nuclear reactor (VERA) where high-fidelity multi-physics analysis tools are 
integrated to solve challenging issues from nuclear energy industry. An integrated multi-scale/physics 
platform has been developed, in the NURESIM project [6] of European Union (EU), for state-of-the-art 
LWR simulation. 
 
A three-dimensional two-phase flow analysis code (CUPID) [7,8] has been developed by Korea Atomic 
Energy Research Institute (KAERI) for a multi-scale LWR thermal hydraulics analysis. A CFD-scale or a 
component-scale analysis is available with different set of physical models relevant to the specific 
application. CUPID has been implicitly coupled with a system analysis code (MARS) for a simultaneous 
multi-scale calculation which is very useful for a fast transient problem. CUPID also provides a multi-
physics coupling with reactor kinetics codes such as MASTER [9] and DeCART [10]. MASTER solves 
the neutron diffusion equation and used for a transient calculation while the neutron transport equation is 
solved in DeCART for more accurate steady state calculation. Full reactor core steady state and transient 
calculations were conducted using CUPID/DeCART and CUPID/MASTER, respectively. 
 
Since it is too expensive to simulate the whole reactor coolant system in CFD-scale, coupling of 
component- and system-scale thermal hydraulics analysis models would be a practical multi-scale method 
as the next generation LWR safety analysis. In the component-scale analysis, relatively coarse 
computational meshes are used and the complex internal structures are modeled as porous medium. The 
sub-channel mass, momentum and energy mixing models which has been validated in a sub-channel 
analysis code such as CTF [11] can be applied to the component-scale reactor core simulation. Then the 
reactor vessel can be modeled using several million computational meshes which is affordable 
considering current computing resources. Component-scale physical models for the reactor vessel have 
been implemented into the CUPID code including the sub-channel model and applied to the realistic 
safety analysis of steam line break accident (SLB) and large break loss of coolant accident (LBLOCA). 
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2. Multi-scale Thermal Hydraulics Analysis 
 
Since direct use of CFD to LWR safety analysis is not likely be practical in a few decades, a multi-scale 
method has been proposed [12] where different analysis scale codes are used together. The whole reactor 
coolant system is analyzed using a system-scale code such as REALP5, CATHARE, and MARS while 
local phenomena are addressed in component- or CFD-scale. In a multi-scale analysis, the different scale 
codes can be used one after another sequentially or at the same time simultaneously. Sequential use of 
multi-scale codes is called “upscaling” where the calculation results of the smaller scale code are used for 
the physical model of the larger scale code. Two different scale codes are coupled in a source level for a 
simultaneous multi-scale calculation. 
 
2.1. Development of CUPID for multi-scale/physics analysis 
 
CUPID has been developed to be used as a based code for multi-scale/physics simulation. The CUPID 
code adopts three-dimensional two-fluid three-field model where the 3 fields are gas, continuous liquid 
and entrained liquid (droplets). The governing equations are discretized using the finite volume method 
(FVM) with unstructured mesh. Parallel computing is allowed based on the domain decomposition 
method using the massage passing interface (MPI) library. CUPID has been coupled with a system 
thermal hydraulics code (MARS) and the neutron kinetics codes (MASTER and DeCART) for multi-
scale/physics LWR simulations. 
 
2.2. Sequential Application (Upscaling) 
 
Sequential application of different scale codes is the most common way of practically using the multi-
scale analysis. Assuming that the CFD models are validated, the physical models in component-scale can 
be derived using the CFD simulation results. This sequential multi-scale method has been applied to the 
analysis of the advanced safety injection tank (SIT) of APR1400 PWR [13]. A fluidic device is install in 
the SIT to passively control the discharge flow as shown in Fig.1.  
 
 

           
Figure 1. Advanced of SIT of APR1400     Figure 2. Sequential Application of Different scales 

 
 
Full CFD of SIT is very challenging since the free surface has to be resolved with complicated 
internal structures. Thus, the sequential multi-scale approach shown in Fig.2 is adopted. At first, 
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the pressure drop inside the fluidic device is computed in CFD-scale as shown in Fig.3. And 
then, the pressure drop model is derived using the CFD results for the simulation of the SIT 
discharge transient in component-scale (Fig.4). Figure 5 shows the water level transient during 
the SIT discharge up to 250 seconds. The standpipe is uncovered at around 40 second, and the 
water level decrease rate becomes small. The SIT pressure and water level are compared to a 
validation experiment in Fig.6 where the CUPID prediction was very close to the measured data. 
As a final step, the system-scale model is determined based the component-scale simulation 
result. 
 
 

        
Figure 3. CFD Analysis of the Fluidic Device         Figure 4. Friction models in Component-scale 

 
 

 
Figure 5. SIT Discharge Transient in Component-scale 

 
 

NURETH-18, Portland, OR, August 18-22, 2019 6029



 
Figure 6. Comparison to Validation Experiment 

 
2.3. Simultaneous Application 
 
The CUPID code has been coupled with the MARS code for a simultaneous multi-scale calculation. 
CUPID/MARS has an advanced feature where the two codes has been merged in the source level so that 
the combined code is executed as a single code. Thus, code-to-code iteration is not necessary for 
CUPID/MARS. This is very useful for transient simulation. 
 
CUPID/MARS provides two coupling interfaces. The first one is the heat structure (HT) interface. There 
is no fluid flow exchange through the coupling interface. Heat structure temperature is determined by 
MARS considering the fluid temperature in the CUPID domain. And then, the heat flux calculated by 
MARS is transferred to CUPID (Fig.7). This coupling method is rather straightforward since it does not 
involve any fluid exchange between two codes. CUPID/MARS with HT interface has been applied to the 
analysis of the passive auxiliary feedwater system (PAFS) of APR+ which is an advanced PWR of Korea 
[14]. Schematic of PAFS is shown in Fig. 8 where the steam generated by residual heat is condensed in 
the heat exchanger tube submerged in a passive condensate cooling tank (PCCT). The steam supply 
system is modeled using MARS and the single- and two-phase natural circulation in the PCCT is 
simulated using CUPID. The temperature profile and water level transient due to boil-off are compared to 
the experiment in Fig.9 which show good agreements. 
 
 

                      
Figure 7. Heat Structure (HS) Coupling            Figure 8.  HS Coupling for APR+ PAFS Analysis 
 
 

NURETH-18, Portland, OR, August 18-22, 2019 6030



         
Figure 9. Comparison of fluid temperature (left) and water level (right) to the experiment 

 
 
In the second coupling method, the fluid flows are exchanged at the coupling interface. The one 
dimensional fluid cells of MARS are connected to the CUPID domain as shown in Fig.10 and a 
combined pressure matrix is established where additional terms appear to include the 
contribution from MARS or CUPID. This is somewhat difficult to implement since the 
governing equations of both codes have to be modified. CUPID/MARS with the fluid flow 
coupling interface has been demonstrated [15] for the Rossendorf Coonat Mixing (ROCOM) test 
[16]. The four coolant loop are modeled using MARS while the reactor vessel is simulated using 
CUPID at the same time (Fig.11). 
 
 

 
Figure 10. Flow Field (FF) Coupling and Combined Pressure Matrix for CUPID/MARS 

 
 

 
Figure 11. FF Coupling for the ROCOM Simulation 
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3. Multi-physics Analysis 
 
Multi-physics simulation usually refers to the coupling of the thermal hydraulics and the neutron kinetics 
for which CUPID has been coupled with neutron kinetics codes (MASTER and DeCART). MASTER and 
DeCART calculates reactor core power in fuel assembly-scale and fuel rod-scale, respectively. MASTER 
is a fast running code and used for a transient analysis. Although MASTER is a basically assembly-scale 
code, the fuel rod power can be reconstructed using the fuel assembly power. Thus, CUPID/MASTER 
can be used for fuel rod wise full core transient analysis. DeCART provides a more accurate power 
distribution in fuel rod-scale, however currently used only for steady state calculation due to a long 
computation time. 
 
CUPID/MASTER has been used for the safety analysis of reactivity induced accidents (RIA) such as 
control element assembly (CEA) drop or ejection accidents for OPR1000 PWR [17]. Figure 12 shows the 
transient of major parameters after a CEA has been dropped at “position 1”. Local liquid temperature, 
void fraction, and core power show a decrease at “position 1” while they keep the nominal values at 
“position 2” where the CEA was in normal operation. 
 
 

 
Figure 12. CEA Drop Accident Analysis using CUPID/MASTER 

 
 
CUPID/DeCART has been applied for the OPR1000 full core simulation at 100% power steady state 
condition. Sub-channel mixing models have been implemented in CUPID for a component-scale thermal-
hydraulics calculation of the reactor core where the number calculation meshes is around 2 million. 
Figure 13 shows a null transient of CUPID/DeCART up to 100 seconds when the steady state has been 
reached. Upper figures are the fuel rod power distribution and the lower figures show the corresponding 
coolant temperature distributions. The simulation took about 1 day using 26 cores. 
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Figure 13. OPR1000 Full Core Simulation using CUPID/DeCART  

 
 
4. Multi-scale/physics LWR safety analysis 
 
4.1. Steam Line Break (SLB) Accident Analysis 
 
Three-dimensional thermal hydraulics model is important in the safety analysis of SLB accident where 
one of the cold leg temperature drops rapidly due to an excessive heat removal in the secondary side of a 
steam generator following the steam line break. Low temperature coolant from a steam generator with the 
broken steam line is mixed, in the reactor downcomer, lower plenum, and core, with the coolant from 
intact steam generator. And the degree of the coolant mixing directly affects the core fission power 
increase due to the negative moderator feedback. Thus, an accurate prediction of the three-dimensional 
coolant mixing behavior is crucial for the SLB accident analysis. CUPID/MASTER has been applied to 
the multi-physics SLB analysis of APR1400 in component-scale. 
 
Full CFD analysis of a reactor vessel needs around 10 billion computational meshes which is obviously 
not practical for the safety analysis of the SLB accident. Thus component-scale models are applied where 
the number of meshes is around several million when all the sub-channels are resolved. This is affordable 
considering a single phase model can be applied for the SLB analysis. The number of meshes will be 
reduced far less than one million if we take the assembly-scale analysis. Figure 14 shows the component-
scale mesh used in this study where 4 meshes (2x2) are used for each fuel assembly resulting total number 
of 840,000 meshes. 
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Figure 14. Component-scale Mesh for the SLB Analysis 

 
 
Mesh mapping between CUPID and MASTER is ono-to-on in the x-y plane which means that the same 
number of 4 meshes have been used for each fuel assembly in the MASTER calculation. Different axial 
resolutions of 26 and 42 meshes have been applied for CUPID and MASTER, respectively, where a linear 
interpolation is used for the axial mapping of the two codes. 
 
A steady state calculation was carried out before the start of transient analysis at normal operation 
condition of APR1400 where system pressure is 155 bar, core inlet coolant temperature is 569 Kelvin, 
and core inlet liquid velocity is 15 m/s. The internal structures in the lower and upper plenum are modeled 
as porous media where an anisotropic pressure drop model is applied which has been derived from a 
separate CFD-scale calculation for the lower and upper plenum. Figure 15 shows the core power and 
coolant temperature distribution at steady state. 
 
 

 
Figure 15. Steady State Core Power (left) and Coolant Temperature (right) of CUPID/MASTER 

 
 
Then a transient calculation starts by assigning a low temperature of 514 Kelvin to the first and second 
cold legs to simulate the excessive cool down from the steam line break. The coolant temperature at the 
3rd and 4th cold leg remains the same as the initial value (569 Kelvin). The transient core power and 
coolant temperature distributions are shown in Fig.16. The coolant is not mixed sufficiently in the lower 
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plenum and asymmetric temperature profile appears in the x-y plane. And the core power increases in the 
left top due to the moderator feedback. 
 
 

 
Figure 16. Core Power (left) and Coolant Temperature (right) of CUPID/MASTER after SLB 

 
 
4.2. Large Break Loss of Coolant Accident (LBLOCA) Analysis 
 
The safety analysis margin for LBLOCA is becoming small to include more conservative assumptions 
and models recently. For example, degradation in heat transfer of a fuel rod due the fuel burnup has to be 
considered in the calculation of maximum peak cladding temperature. Realistic three-dimensional 
calculation of LBLOCA based on the three-dimensional power distribution model could contribute to the 
validation of the safety analysis margin. 
 
For a component-scale LBLOCA analysis, the models and correlations used in the system safety analysis 
code are implemented in CUPID for the calculation of blowdown, refill, and reflood of LBLOCA. This 
include the following models: 
 Two-phase flow regime map 
 Interfacial mass, momentum, and energy models. 
 Wall heat transfer and friction models 
 Fuel heat conduction model 
 Critical flow model 
 Quench front tracking model 
 
The models and correlations has been validated against separate tests for blowdown, refill, and reflood. 
Figure 17 shows the validation results for the FLECHT-SEASET [18] and the RBHT [19] reflood tests. 
Both one- and three-dimensional calculations have been carried out and the results were almost the same 
since the radial power distribution of the heater rods was uniform. The heater wall temperatures are in 
good agreement with the experiment measured at top, middle, and bottom elevations.  The predictions 
were similar to those of one-dimensional system analysis code such as MARS, which is reasonable since 
three-dimensional effect is negligible in these experiment.  
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Figure 17. CUPID Validation against FLECHT-SEASET (left) and RBHT (right) 

 
 
A three-dimensional LBLOCA analysis has been conducted using CUPID with the above mentioned 
physical models. A double ended cold leg break of APR1400 has been simulated with 4 direct vessel 
injection (DVI) of emergency core cooling water. 47,713 hexahedral meshes were used where 241 fuel 
assemblies are modeled with 20 axial meshes as shown in Fig. 18. Initial core power is about 7% of rated 
power with chopped cosine shape axial distribution to simulate the decay power. 2 high pressure safety 
injection pumps (HPSIPs) delivers emergency core cooling (ECC) water into the core when the pressure 
falls below 12.46 MPa. And 4 safety injection tanks (SITs) start to discharge borated water when the 
pressure is below 4.31 MPa. 
 
The simulation results are shown in Fig.19 where a steady state calculation has been conducted for the 
first 100 seconds before the start of the accident. Colors of the reactor vessel represent void fraction 
distribution where blue shows the liquid and the colors of the fuel assembly indicate the fuel rod wall 
temperature. Coolant blowdown starts at 100 second and the pressure decreases rapidly to the 
atmospheric pressure in 20 seconds. At 100.1 second, the pressure reaches the HPSIP setpoint and the 
ECC water is delivered at 140.1 second with 40 seconds of delay time. The SIT discharge starts at 115 
second when the pressure is decreased to 4.31 MPa. At around 130 second, refill phase starts and the ECC 
water recovers the reactor core after 150 second. The three-dimensional LBLOCA has been successfully 
simulated with CUPID in component-scale. As a further study, examination of the safety analysis margin 
of the one-dimensional LBLOCA analysis will be continued based on the non-uniform radial power 
distribution model. 
 
 

 
Figure 18. Three-dimensional Mesh Model for APR1400 LBLOCA Analysis 
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(a) Steady State                                      (b) Blowdown 

   
(c) Refill                                                (d) Reflood 

Figure 19. Three-dimensional LBLOCA Analysis using CUPID 
 
 
5. CONCLUSIONS  
 
Recent advances in nuclear reactor models and simulation (M&S) technology can be utilized for the 
improvement of the conventional safety analysis codes developed in late 1980s. And the multi-scale and 
multi-physics analysis methods are needed for a practical application of the M&S technology to the LWR 
safety analysis. In this study, we have proposed a next generation LWR safety analysis strategy based on 
the multi-scale/physics analysis method. 
 
The component-scale can be the major resolution for the multi-scale thermal hydraulics safety analysis 
since CFD-scale full core analysis is still too expensive. The sub-channel model, which has been 
validated in the past decades, can be applied to the reactor core and the reactor internal structures are 
modeled as porous medium. The anisotropic pressure drop model in the porous medium can be developed 
using a separate CFD-scale analysis. The one-dimensional system analysis code can be coupled with the 
component-scale code for a transient or an accident analysis. In this study, component-scale physical 
models including the sub-channel model have implemented in CUPID which has been coupled with a 
system analysis code (MARS). 
 
Coupling of the thermal hydraulics and the neutron kinetics is the major part in a multi-physics LWR 
simulation. This is necessary for a realistic simulation of the reactor core. Fuel rod-scale or fuel assembly-
scale can be used depending on the application. Fuel rod-scale neutron transport code (DeCART) and fuel 
assembly-scale neutron diffusion code (MASTER) have been coupled with CUPID for a multi-physics 
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simulation of a LWR core. For the safety analysis, CUPID/MASTER is usually used considering the 
computation time. 
 
Three-dimensional safety analysis has been successfully simulated for the two LWR accidents of SLB and 
LBLOCA using the multi-scale/physics coupling of CUPID, MARS, and MASTER where, especially, the 
3D LBLOCA simulation was very challenging due to the complexity of models and correlations used in 
blowdown, refill and reflood transient analyses. 
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