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ABSTRACT 
 
Chosen as one of six Generation‒IV nuclear-reactor concepts, Supercritical Water-cooled Reactors (SCWRs) are 
expected to have high thermal efficiencies within the range of 45 ‒ 50% owing to the reactor’s high pressures and 
outlet temperatures. In this reactor, the primary water enters the core under supercritical-pressure condition (25 
MPa) at a temperature of 280 C and leaves it at a temperature of up to 510 C. Due to the significant changes in 
the physical properties of water at supercritical-pressure, the system is susceptible to local temperature, density 
and power oscillations. The behavior of supercritical water into the core of the SCWR, need to be sufficiently 
studied. Most of the methods available to predict the effects of the heat transfer phenomena within the 
pseudocritical region are based on empirical one-directional correlations, which do not capture the multi-
dimensional effects and do not provide accurate results in regions such as the deteriorated heat transfer regime. 
In this paper, computational fluid dynamics (CFD) analysis was carried out to study the thermal–hydraulic 
behavior of supercritical water flows in sub-channels of a typical European High Performance Light Water 
Reactor (HPLWR) fuel assembly using commercial CFD code CFX-14. It was determined the steady-state 
equilibrium parameters and calculated the temperature and density distributions. A comparative study for different 
turbulence models were carried out and the obtained results are discussed. 
 

1. INTRODUCTION 
 
In 2001 the development of a new generation of reactors (Generation IV) was initiated to 
address the challenges presented by the use of nuclear energy and make viable its potential 
contribution to future energy needs in the world. 
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The goal of this effort is to develop multiple nuclear systems that may be available for 
international deployment before 2030, who have a series of very demanding characteristics 
from the point of view of sustainability, economics, and safety and proliferation resistance [1].  
 
Future Generation IV nuclear reactors are intended to solve the problems of the use of nuclear 
energy and increase the chances of development. Within these technologies one of the most 
feasible option are the supercritical water reactors (SCWR), characterized by: 
 

 High-temperature, high-pressure, water-cooled reactor that operates above the             
thermodynamic critical point of water (22.1 MPa, 374°C) 

 An operating pressure of 25 MPa, and a reactor outlet temperature near to 550°C 
 A lower-coolant mass flow rate per unit core thermal power results from the higher 

enthalpy content of the coolant. 
 No boiling crisis. 
 The efficiency of a SCWR can approach 44%, compared to 33–35% for Light Water 

Reactors (LWRs). 
 
SCWRs are basically LWRs operating at high pressures and high temperatures. One of the main 
features of supercritical water is the strong variation of its thermal–physical properties in 
vicinity of the pseudo-critical temperature. Fig. 1 shows the thermal–physical properties of 
water at 23.5 MPa. 
 
The large variation of thermal–physical properties with temperature leads to strong coupling 
between the flow and the temperature fields, and creates significant effect by buoyancy force 
or thermal-induced flow acceleration which affect both the mean flow fields and the turbulence 
structures [2]. 
 

 
  

Figure 1: Thermal-physical properties of water at 23.5 MPa. 
 
With the recent developed technologies in computational methods, numerical investigations 
using Computational Fluid Dynamics (CFD) codes have achieved a significant attention with 
the purpose to obtain prediction and to provide a better understanding of the heat transfer 
mechanism. 
 
In [3] was argued that the main difficulties in the numerical analysis of supercritical fluids are 
related to the turbulence modelling. Due to a large variation in the thermal-physical properties, 
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especially near the pseudocritical point, a strong buoyancy effect and acceleration effect exist 
near the heated wall. The applicability of conventional turbulence models to such conditions is 
not verified. 
 
The main difficulties in the numerical analysis are related to the turbulence modeling at 
supercritical pressures. During the last few years, the eddy viscosity turbulence models for low-
Reynolds number flows are used to investigate the Heat Transfer Deterioration (HTD). In [4] 
was used Jones and Launder turbulence model [5], to study the HTD phenomenon in 
supercritical water. 
 
In [6] were applied six low-Reynolds number turbulence models to simulate the turbulent 
mixed convection heat transfer experiments with carbon dioxide at supercritical pressure. The 
results showed that all models were able to simulate the influence of buoyancy to heat transfer, 
but those models have significantly different performances to predict onset and magnitude of 
this effect. 
 
The aim of the present analysis is to compare four RANS (Reynolds Average Navier-Stokes) 
turbulence models predicting the behavior of supercritical fluids under operating conditions 
and at geometries typical for SCWR reactors. 
 

2. METHODS AND MATERIALS 
 

2.1. Geometrical Models and Physical Models 

2.1.1. Fuel assembly 
 
There is various fuel assemblies of SCWR, the Japanese fast neutron spectrum SCWR, the 
Canadian CANDU-SCWR [7], the American SCWR [8], the Chinese mixture neutron 
spectrum SCWR-M [9], and the European High Performance Light Water Reactor (HPLWR) 
[10]. 
 
In this paper for the HTD study, the fuel assembly of the HPLWR was selected. Over years, 
different conceptual design of the HPLWR were proposed. A one through cycle SCWR, shown 
in Fig. 2, is one of the most simple design of this kind of reactors, where the water enters into 
the core as liquid and exits at high temperature and pressure [11]. 
 
The  fuel  assembly  consists  of  7  by  7  fuel  rods array  arranged  in  square  lattice.  Due  to  
the  insufficient  moderation  capability  inside  the  fuel  assembly  additional  water  gaps  are 
added  between  the  fuel  assemblies.  Fig.  3, from [12], illustrates the HPLWR fuel assembly. 
 
Due to the great symmetry, for this study, the fuel assembly to 9 sub-channels and 7 fuel rods 
was reduced, the simulations are conducted for heat transfer in one-eighth of the HPLWR fuel 
assembly as can be seen in Fig. 4. 
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Figure 2:  SCWR reactor pressure vessel. 
 
 

           
Figure 3: HPLWR fuel assembly     Figure 4: One-eighth of the HPLWR fuel assembly 
 
CFD calculation accuracy will depend on the mesh until reaching the mesh independence above 
that the number of mesh elements will not affect the numerical results anymore. For this reason, 
a study of mesh independence was realized. The elements number of 27 833 600 with near wall 
mesh refinements, which is fine enough, was chosen as the minimum elements number to 
granted mesh independence, as can be seen in Fig 5a and 5b. 
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a                                                                       b 

Figure 5: a) Mesh elements,   b) Near wall refinement. 
 

2.1.2. Boundary conditions. 
 
For this case, only refrigerant zone was considered, it was assumed zero heat flux between 
refrigerant and moderator box and fuel assembly box. 
 
The boundary conditions include the temperature, mass flow rate and the material properties. 
Table 1 shows the thermal hydraulics boundary conditions for CFX code for this geometry. 
 

Table 1: Thermal-hydraulics conditions. 
 

Parameters HPLWR 
System pressure 25 MPa 
Water properties IAPWS IF97 [13] 
T in of the coolant region 553 K 
M in of the coolant region 0,167 Kg/s 
FA power 327,5 kW 

 
 
 
It was set 5 % turbulence intensity as an inlet boundary condition. At the outlet, a zero MPa 
pressure was defined. 
 
Unheated wall parts were defined as no slip adiabatic walls. Heat flux distribution boundary 
condition [14] was defined on the heated wall part using a heat flux distribution function, by 
equation (1), as can be seen in Fig. 6. 
 

= −23606 + 378889 − 2456500 + 8081927 − 13733273 + 102717 − 963194 (1) 
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Figure 6: Axial power density. 

 

2.1.3. Physical models. 
 
Heat transfer in supercritical fluids and in circular tubes has been studied by using CFD codes 
with the purpose to predict the heat transfer coefficient and to provide a better understanding 
of the heat transfer mechanism. The main difficulties in numerical analysis are related to the 
turbulence modelling under supercritical pressures. Due to a large variation of thermal–
physical properties, especially near the pseudo-critical point, there exists a strong buoyancy 
effect and acceleration effect near the heated wall. The applicability of a conventional 
turbulence model to such conditions is not well verified. 
 
This paper was focused to computational simulations of HTD phenomena with a well-validated 
commercial CFD software ANSYS CFX 14 [15], using and comparing the k– epsilon type and 
k–omega type low-Reynolds turbulence models, and shear stress transport model (SST). 
Modeling supercritical water into the sub channels of the fuel assembly of a HPLWR. All these 
turbulence models are used to solve a modified set of transport equations using averaged and 
fluctuating components. 
 
All models are based by the following fundamental governing equations: 
 
Continuity: 
 

+ ∇ ∗ ( ) = 0 (2) 

 
Momentum: 
 

( )
+ ∇ ∗ (   ) = ∇ ∗ ( −   ) +  (3) 

 
 
Energy: 
 

( ℎ )
− + ∇ ∗ ( ℎ ) = ∇ ∗ ∇ − ℎ + ∇( ∗ ) + +  (4) 
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Where  is the water density,  is the velocity vector,   is the thermal conductivity, ∇( ∗ ) 
is a term representing the work due to viscous stresses,  ℎ  is the total enthalpy,  and   
are the source terms, and    is the shear stress. 
 
 

3. RESULT AND DISCUSSION  
 
 

3.1. Turbulence model comparison 
 
In the Fig. 7 is plotted the normalized wall temperature (Tw) to maximum Tw against the 
normalized bulk temperature (Tb) to maximum Tb, for the four turbulence models used in this 
study. As can be seen, the calculated result shows an increase in the wall temperature up to Tb 
due to the first HTD, where the Tw achieves the pseudocritical value. Differences between SST 
and k-omega models can’t be notice, and the SSG model can´t predict the second HTD. The 
observation confirms that the heat transfer deterioration phenomenon was captured. 
Nevertheless some discrepancies between turbulence models was noticed. 
 
It is the k- epsilon model who describe the second HTD better, as can be seen in Fig. 8, where 
the normalized bulk enthalpy is plotted against normalized Tw and second peak of enthalpy 
occurs. 
 
The wall temperature is plotted against the bulk enthalpy in Fig. 9. As can be expected [16], it 
can be seen that wall temperature increases nicely at the beginning and then exhibits an abrupt 
increase when Twall reaches pseudocritical temperature, which is typical HTD phenomenon. 
All turbulent models are able to predict the wall temperature well in the normal heat transfer 
region and to capture the general trend of HTD. The SST model considerably underestimates 
the peak in wall temperature and delays its appearance. 
 

 
 

Figure 7: Effect of turbulence model on wall temperature. 
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The enthalpy has been chosen to replace the length along the Z direction and illustrated the 
results. The observation confirms the heat transfer deterioration (HTD) phenomenon and 
captured the major physics. Nevertheless, some discrepancies between the turbulence models 
are shown. 
 

 
 

Figure 8: Effect of turbulence model determining the second HTD. 
 
 
 

 
 

Figure 9: Effect of turbulence model determining the wall temperature. 
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3.2 Temperature and density distribution 
 
Due to the k-epsilon turbulence model was the best model predicting HTD in the HPLWR 
channel, its result are shown, in Fig. 10 and Fig. 11 the temperature and density variation 
inside the 1/8 fuel assembly channel can be seen. 
 
The axial and radial temperature distribution of the channel can be seen in Fig. 10a and Fig. 
10b respectively. Also can be seen in Fig. 10b the increasing of wall temperature in the lower 
part of the channel, due to the first HTD, where there is an increasing of Tw respect to Tb in 
the second plane. 

 

  
                                      (a)                                                                         (b) 

Figure 10: Temperature distribution in SCWR channel, a) center plane distribution b) 
radial distribution 

As expected [17] can be seen the large variation in density when the water reach the critical point 
in Fig. 11. This abrupt variation occurs spatially, it is present first near the wall and later into the 
bulk fluid. 
 

  
(a)                                                                         (b) 

Figure 11: Density distribution in SCWR channel, a) center plane distribution b) radial 
distribution 

 
4. CONCLUSIONS  

 
In this study, HTD phenomenon is studied using four turbulence models including k- epsilon, 
k-omega, SSG Reynolds stress and SST to provide detailed information on flow and 
turbulence. The main conclusions obtained are as follows: 
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All low-Reynolds models considered here are to some extent able to reproduce the effect of 
buoyancy on heat transfer. However, the k- epsilon model perform better than other models in 
predicting the onset of deterioration due to strong buoyancy force. 
 
The second heat transfer deterioration phenomenon may occur if the full recovery of the heat 
transfer after the first heat transfer deterioration is achieved with the help of very strong 
buoyancy force. Among the four models used in our study, only the k- epsilon model can predict 
a second HTD over the height of the sub channel. 
 

ACKNOWLEDGMENTS 
 
 
This work has been carried out in the framework of the CAPES-MES Cuba Docentes 047/14 
Sandwich scholarship. Also, the authors thank to CAPES (Higher Education Co-ordination 
Agency of Education Ministry of Brazil) and to NBCGIB (Núcleo de Biologia Computacional 
e Gestão de Informações Biotecnológicas), of the Universidade Estadual de Santa Cruz 
(UESC), by the availability of high-performance computing platform for the realization of this 
work. 
 

REFERENCES 
 
1. U.S DOE, A Technology Roadmap for Generation IV Nuclear Energy Systems. GIF-002-

00, (2002). 
2. Z. Shang and S. Lo, “Numerical investigation of supercritical water-cooled nuclear reactor 

in horizontal rod bundles,” Nucl. Eng. Des., 240, no. 4, pp. 776–782 (Apr. 2010). 
3. F. Roelofs, CFD Analyses of Heat Transfer to Supercritical Water Flowing Vertically 

Upward in a Tube. (2004). 
4. S. Koshizuka, N. Takano, and Y. Oka, “Numerical analysis of deterioration phenomena in 

heat transfer to supercritical water,” Int. J. Heat Mass Transf., 38, no. 16, pp. 3077–3084 
(Nov. 1995). 

5. W. P. Jones and B. E. Launder, “The calculation of low-Reynolds-number phenomena with 
a two-equation model of turbulence,” Int. J. Heat Mass Transf., 16, no. 6, pp. 1119–1130 
(Jun. 1973). 

6. S. He, W. S. Kim, P. X. Jiang, and J. D. Jackson, “Simulation of mixed convection heat 
transfer to carbon dioxide at supercritical pressure,” Proc. Inst. Mech. Eng. Part C J. Mech. 
Eng. Sci., 218, no. 11, pp. 1281–1296 (Nov. 2004). 

7. C. K. Chow and H. F. Khartabil, “Conceptual fuel channel designs for CANDU-SCWR,” 
Nucl. Eng. Technol., 40, no. 2, pp. 139–146 (2008). 

8. P. Macdonald, J. Buongiorno, J. W. Sterbentz, C. Davis, P. R. Witt, J. W. Sterbentz, C. 
Davis, P. R. Witt, L. Conway, N. Jonsson, and B. Liu, Feasibility Study of Supercritical 
Light Water Cooled Reactors for Electric Power Production. INEEL/EXT-04-02530, 
(2005). 

9. X. Cheng, X.-J. Liu, and Y.-H. Yang, “A mixed core for supercritical water-cooled 
reactors,” Nucl. Eng. Technol., 40, no. 2, pp. 117–126 (Mar. 2008). 

10. T. Schulenberg, J. Starflinger, and J. Heinecke, “Three pass core design proposal for a high 
performance light water reactor,” Prog. Nucl. Energy, 50, no. 2–6, pp. 526–531 (Mar. 2008). 

11. T. Reiss, S. Fehér, and S. Czifrus, “Coupled neutronics and thermohydraulics calculations 
with burn-up for HPLWRs,” Prog. Nucl. Energy, 50, no. 1, pp. 52–61 (Jan. 2008). 



INAC 2015, São Paulo, SP, Brazil. 
 

12. S. Tashakor, A. A. Salehi, G. Jahanfarnia, and A. Abbaspour Tehrani Fard, “Thermal–
hydraulic analysis of HPLWR fuel assembly cluster,” J. Supercrit. Fluids, 77, pp. 91–99 
(May 2013). 

13. J. R. Cooper, Q. Mary, M. E. Road, and S. I. Associates, The International Association for 
the Properties of Water and Steam Revised Release on the IAPWS Industrial Formulation 
1997 for the Thermodynamic Properties of Water and Steam., no. August 2007. (2012). 

14. X. Xi, Z. Xiao, X. Yan, Y. Li, and Y. Huang, “The axial power distribution validation of 
the SCWR fuel assembly with coupled neutronics-thermal hydraulics method,” Nucl. Eng. 
Des., 258, pp. 157–163 (May 2013). 

15. ANSYS Inc., “CFX R14 Solver-Modeling Guide,” Release 14.0, Help System. ANSYS 
Inc., Canonsburg, (2011). 

16. C. Waata, T. Schulenberg, and C. Xu, “Coupling of MCNPX with a sub-channel code for 
analysis of a HPLWR fuel assembly,” International topical meeting on nuclear reactor 
thermal hydraulics (Nureth 11), (2005). 

17. J. Hofmeister, C. Waata, J. Starflinger, T. Schulenberg, and E. Laurien, “Fuel assembly 
design study for a reactor with supercritical water,” Nucl. Eng. Des., 237, no. 14, pp. 1513–
1521 (Aug. 2007).  

 


