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ABSTRACT 

Accurate knowledge and understanding of heat transfer characteristics near and above 

critical conditions is crucial to the successful design of the SCWR. Many studies, both 

numerical and experimental assessments have been conducted on bare tubes and simple 

geometries like annuli. However, heat transfer performance studies of the fuel assemblies 

for SCWR are scarce. Thus, there is still a lack of understanding of heat transfer 

performance in the fuel assembly designs for SCWR. Moreover, the importance of this 

study cannot be over-emphasized as it will broaden and better the understanding of the 

concept of heat transfer in the rod bundle geometry by providing more numerical data.  

 In this study a 3D CFD code STAR CCM+ was used in assessing the performance of heat 

transfer in the square fuel assembly of a High Performance Light Water Reactor (HPLWR). 

Utilizing the computational environment and the flexibility of STAR CCM+ code, test 

analysis was conducted using the four turbulence models, namely AKN low-Re, Standard 

Lien’s low-Re, Standard Wilcox κ-ω and SST κ-ω to choose a suitable turbulence model 

yielding satisfying prediction (capabilities) in describing the heat transfer and flow of 

supercritical water in the fuel assembly “near”, at and after the pseudo-critical region. The 

analysis was carried out at 25 MPa system operating pressure, mass flow rate of 0.167 kg/s 

(601.2 kg/h), 300 °C inlet temperature with uniform heat flux of 650 kW/m2. Turbulence 

sensitivity analysis was performed and SST κ-ω model was selected based on its simplicity 

and superiority to others especially with regard to numerical stability. Moreover, SST κ-ω 

model also does not involve damping functions, but allows simple Dirichlet specified 

boundary conditions 
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Furthermore, using the SST κ-ω with low y+ wall treatment the selected heat transfer 

correlations were assessed. Overall, the Cheng et al. correlation provided the most 

satisfying prediction for the wall temperatures in all the sub-channels and captured closely 

Wataa’s Numerical data. This was followed by the McAdams correlation, but the 

Dyadyakin and Popov and the Petukhov correlations also yielded acceptable results.  

Test analysis results of the heat transfer correlation also confirmed the occurrence of heat 

transfer enhancement and heat transfer deterioration at the pseudo-critical point and after 

or beyond respectively. The maximum wall temperature was obtained in sub-channel 9, 

the hottest sub-channel and exceeded the design limit of 620 °C by 60 °C for the Cheng 

correlation while for the other correlations it was more. The difference in temperature 

between the hottest and coldest sub-channels was approximately 80 °C. 

Finally, parametric analysis was conducted in sub-channels 4 and 9 by varying mass flow 

rates 0.1670 kg/s (601.2 kg/h) and 0.1559 kg/s (561.2 kg/h), pressure 23 MPa and 25 MPa 

and with or without gravity. Results from this test analysis showed that mass flow rate, 

pressure and gravity have significant influence. It was observed that at low mass flow rate 

with varying pressure (23 MPa and 25 MPa), the temperatures significantly increased in 

the heat transfer deterioration region. Nevertheless, experimental investigations involving 

rod bundles adopted in this study should be conducted to validate the results obtained 

numerically and address the inconsistence of the conclusions drawn, “when compared with 

similar studies”. These experimental studies would also be helpful in validating similar 

numerical studies in future. 
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NOMENCLATURE 
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𝐶𝑝̅                                  Mean specific heat, 𝐻𝑤−𝐻𝑏

𝑇𝑤−𝑇𝑏
 [

𝑘𝐽

𝑘𝑔𝐾
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𝐷ℎ𝑦                               Hydraulic diameter [mm] 

G                                  Mass flux [kg/m2s] 

Gr                                Grashof number,
(𝜌𝑏−𝜌𝑤)𝑔𝐷ℎ𝑦

3

𝜌𝜈2
 [-] 

Gr*                              Grashof number based on heat flux, 
𝑔𝛽𝐷ℎ𝑦

4 𝑞

𝜆𝜈2
 [-] 

H                                  enthalpy [kJ/kg] 

g                                       gravity [m/s2]          

h                                   heat transfer coefficient [kW/m2K] 
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q                                   Heat flux [W/m2] 
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𝑃𝑟̅̅ ̅                                  Mean Prandtl number, 𝜇∙𝐶̅𝑝

𝜆
 [-] 
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𝜆
 [−]  

Pr                                  Prandtl number, 𝜇𝐶𝑝

𝜆
 [−] 
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Re                                 Reynolds number, 𝐺𝐷ℎ𝑦

𝜇
 [−] 

U, V and W                 Velocity components in x, y and z directions 

S                                   Source term 

P                                   Pressure (Pa) 
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col       coolant 

fcl        fluid centre-line 
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𝜆            Thermal conductivity [W/mK] 
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CHAPTER ONE : INTRODUCTION 
 

This chapter outlines the phenomenon of the performance of heat transfer of a proposed 

fuel assembly for SCWR and establishes the justification for the study in association with 

the problem statement.  

1.1 Background 

The demand for energy globally has continued to increase, and growing concerns relating 

to the safeguarding of the environment, are envisaged to favor sources of energy with less 

impact on the environment in an economically competitive era. In this regard, Nuclear 

Power Plants (NPPs) have a pivotal role to play in developing the supply of future energy, 

new goals as well as challenges which the energy sector and market poses [1]. Some of the 

key goals for the SCWR technology as indicated in the Generation IV Roadmap [2], are 

reliability and safety that focus on the operation being safe and reliable and also protection 

of the investment, thus improving public acceptability. However, economic goals are 

focused on competitive life cycle and the cost of production for the energy and financial 

risk. 

In view of the above aforementioned, supercritical pressure water cooled reactor (SCWR) 

has been regarded as an innovative nuclear reactor by the Department of Energy (DOE) in 

the United States [3]. The performance of heat transfer under supercritical pressure is one 

of the most significant indicators for the design and development of the SCWR [4]. As the 

sixth candidate of the Generation IV reactor concept, this reactor is envisaged to be 

operated at supercritical pressure (i.e. greater than 22.1 MPa). The term supercritical 

shouldn’t be mistaken for the term criticality that gives the definition of the changes in 

University of Ghana  http://ugspace.ug.edu.gh



  
 
 

2 

neutron population in the reactor core. However, in this context the conditions above the 

thermodynamic critical point (i.e Pcr = 22.1 MPa, Tcr = 374) of water is referred to as 

supercritical conditions. 

One of the remarkable features of SWCR is that above the critical point of water, boiling 

crisis or a distinct change from liquid to gas cannot occur within the core during operation. 

This in turn makes the design safer. Conversely, a higher temperature of about 620 ◦C for 

the cladding and a significant change of the coolant density by more than a factor of seven 

are some the design challenges of the fuel assembly design [5]. 

A general layout illustrating the proposed Reactor Pressure Vessel (RPV) of SCWR is 

shown in Figure 1.1. The core arrangement is similar to that of a PWR, (“lower half of the 

RPV”). Additionally, control rods are introduced at the top part of the RPV. Feed water 

entering the RPV is supplied via down-comer to the bottom-part of the reactor core “lower 

plenum” and also to the top-part of the core “upper plenum”, where it flows as moderator 

water downwards [5]. The closed steam plenum on the upper part of the core will supply 

the generated steam to the turbines. This closed steam plenum is required for this counter 

current flow of moderator water and rising coolant, however moderator water is allowed 

to flow to the upper part of the core.  Since core feed water as well as moderator water via 

the down-comer needs to be homogeneously mixed at the lower part of the core, a mixing 

plenum underneath the core is used.  

Researchers, Schulenberg and Starflinger [6], optimized the fuel assemblies of the first 

hexagonal and square concepts of HPLWR with regard to a uniform neutron flux, coolant 
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heat-up and low temperature of the cladding surface reaching a high power density of the 

core. 

 

Figure 1.1: Reactor pressure vessel and core structures for a typical 

European HPLWR [7] 

 

1.2 HPLWR Fuel Assembly Concept Overview  

High Performance Light Water Reactor (HPLWR) is a European SCWR concept which 

uses supercritical water as a moderator and coolant. The concept can either be designed as 

fast or thermal reactor. Above the critical point (22.1 MPa) water is in single phase.  

Consequently, it is envisaged that the plant system will be simpler and more compact than 

PWRs and Boiling Water Reactors (BWRs) without a dryer, water-steam separators and 

recirculation pumps.  At supercritical pressure, the coolant temperature is very high as there 

is no limitation of saturation temperature.  
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In general, SCWR fuel assembly concepts can either be classified as square (sq) or 

hexagonal (hex) configuration of fuel rods as reported by Hofmeister et al [5]. With this 

concept, the flow of coolant is upwards between the rods, while the moderator water flows 

downwards within the moderator box and in the gaps between the fuel assembly boxes.  

Fuel rods with a diameter of 8 mm and 1.15 P/D (pitch to diameter) ratio for a square type 

assembly were first proposed by Cheng et al. [8]  based on the outcome of the preliminary 

results obtained from the sub-channel analysis. While for hexagonal a P/D ratio of 1.3 was 

considered. The spacing between the rod and box wall for each fuel assembly design, has 

been optimized to 1 mm. 

3D-models of two squares (“sq1. 1” and“sq2. 1”) and (“hex 1.1” and “hex2. 1”) are 

illustrated as shown in Figure 1.2 and 1.3.        

 

Figure 1.2: Square type fuel assemblies; (a) “sq1.1” and (b) “sq2.1”. 

[5] 
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Figure 1.3: Hexagonal type fuel assemblies: (a) “hex1.1” and (b) 

“hex2.1”. [5] 

A systematic design study conducted by Hofmeister et al. [5] proved that a 2.1 square fuel 

bundle has the following advantages, namely structural material is minimized, the 

moderator to fuel ratio is optimized and there is a reduction in the fuel rod power [5]. 

1.3 Heat Transfer Studies in Supercritical Fluids and FA 

A supercritical fluid is any fluid at a pressure higher than its critical pressure. In effect, 

supercritical fluids exhibit features of both liquid and gas, even though distinct liquid and 

gas phases do not exist at supercritical pressures. For instance, supercritical fluids can 

diffuse and completely fill up a container like a gas, while also being able to dissolve other 

substances like a liquid. Because of the single-phase nature of supercritical fluids, using 

them as coolant in a nuclear reactor can eliminate some of the potential safety issues that 

are inherent to reactors operating at subcritical pressures. For example, “boiling crisis” 

would not occur in a SCWR since supercritical coolant does not change phase. However, 

as shown in Figure 1.4, the thermo-physical properties of a supercritical fluid vary 

drastically when the temperature is near the vicinity of pseudo-critical temperature, defined 

as the temperature at which the specific heat is maximum.  
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Figure 1.4: Property changes of water at 25 MPa [9] 

This in turn can cause unusual heat transfer behaviour under certain circumstances. So far 

three different heat transfer modes have been observed in previous works [10]: 

 Normal heat transfer, in which case the heat transfer coefficient (HTC, an indication 

of the efficiency of heat transfer) can be easily predicted by established correlations. 

 Heat transfer Deterioration (HTD), with values of the HTC that are relatively low 

within a part of a test section; it usually occurs in tubes at high heat fluxes and low 

mass fluxes and is thought to be due to buoyancy forces and/or flow acceleration 

(Fewster and Jackson, [11]). This mode can be suppressed or even eliminated by 

the presence of turbulence-enhancing devices such as the spacer grids or wire-

wraps. 

 Enhanced heat transfer, with relatively high values of the HTC within some part of 

a test section. 
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Figure 1.5 (a) and (b) shows one of the previous experiments in which all three modes were 

observed. The prediction of the occurrences of these modes is crucial to the successful 

realization of a complex yet safe heat and mass transport system suitable for the SCWR. 

 

 

Figure 1.5: Three different heat transfer modes in SCW along the 

heated length of a vertical circular tube (a) and (b) [12] 
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The high enthalpy rise observed in the core facilitates the use of two- and three-pass cores, 

which contributes to the reduction of the maximum cladding temperature, but in turn 

increases the complexity of core design [13]. 

  1.4 Statement of the Problem 

Several designs for the SCWR assemblies based on square and hexagonal geometry have 

been proposed by researchers Dobashi et al. [14], Yamaji et al. [15] and Hofmeister et al. 

[16]. However, accurate knowledge and understanding of heat transfer characteristics near 

and above critical conditions is crucial to the successful design of the SCWR. Many 

studies, both numerical and experimental assessments, have been conducted on bare tubes 

and simple geometries like annuli. Even though heat transfer performance studies of the 

FAs for SCWR are still scarce, not much numerical analyses have been performed to 

validate the ability of the various heat transfer codes in terms of their accurate prediction 

of heat transfer. Thus there is still lack of understanding of heat transfer performance in the 

FA designs for SCWR. In this regard, in a bid to contribute to the extension of current 

knowledge of heat transfer in the fuel rod assembly designs of a SCWR, it is imperative 

that this research study is conducted. 

1.5 Main Objective 

The main objective of this study is to evaluate numerically heat transfer performance of a 

proposed Fuel Assembly Design [5] for SCWR using STAR CCM+ CFD code. 
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1.5.1 Specific Objectives 

 To evaluate the performance of some selected turbulence models in order to select 

the best turbulence model for the numerical simulations. The evaluation will be 

performed by comparing the results of these selected turbulence models with the 

available numerical results of Waata [17]. 

 To conduct analysis of some developed heat transfer correlations for the assessment 

of heat transfer in the proposed fuel assembly using STAR-CCM+ computer code, 

 To carry out a parametric and sub-channel analysis of the proposed SCWR fuel 

assembly design using STAR-CCM+ computer code. 

1.6 Relevance and Justification  

Merging the present advanced technology of nuclear and fossil fuel or coal fired plants will 

equate to SCWRs. In principle, higher efficiency coupled with improved economics 

qualifies the SCWR concept to be competitive with the current conventional reactor design. 

Heat transfer analysis is performed in order to predict the temperature field in the reactor 

core. The temperature prediction in the reactor core is important for the safety of the design 

and operation of the SCWR. Thus the importance of this study cannot be over-emphasized 

as it will broaden and better the understanding of the concept of heat transfer in the rod 

bundle geometry by providing more numerical data. This work will also contribute to 

addressing safety concerns of the design and operation of SCWR. 

1.7 Scope and Limitation 

The primary aim of this work is to perform heat transfer analysis in 1/8th of the square fuel 

assembly proposed for HPLWR. The analysis is limited to conditions at supercritical 
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pressures. Thus only single phase flow modelling using STAR CCM+ CFD code has been 

considered in this work. 

1.8 Thesis Structure 

This thesis comprises five chapters. Chapter one provides an introduction and background 

to the study. It also emphasizes the importance of this work and its contribution to current 

knowledge on heat transfer and distribution in research reactors. Chapter two gives insight 

on the work performed in the study of heat transfer in SCWRs and highlights the 

knowledge gaps that need to be addressed by this research. A comprehensive discussion of 

the fundamentals of the STAR-CCM+ code and its relevant features utilized in the 

computational modelling and analysis of the fuel assembly of SCWR is also undertaken in 

this chapter. Chapter three outlines the methodology employed for the analysis of heat 

transfer performance of FA for SCWR. It also discusses the geometry design, 

computational models used, boundary conditions and relevant parameters utilized in the 

research as well as explanations of the various processes undertaken by the code during 

computation. The results obtained from the study are clearly and logically presented in 

Chapter 4. Chapter five concludes the study and gives an overall summary of the research 

and recommendations for future studies.  
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CHAPTER TWO : LITERATURE REVIEW 

Introduction 

The Supercritical-Water-Cooled Reactor (SCWR, shown in Figure 2.1) is the sixth 

candidate of the advanced, fourth generation nuclear reactor concepts proposed by the 

“Generation IV International Forum (GIF)” [18] a consortium of thirteen member countries 

that lays the groundwork for the fourth generation of nuclear energy systems. Operating 

with water at pressures higher than the thermodynamic critical pressure, SCWRs are 

expected to have superior thermodynamic efficiency.  

 

Figure 2.1: Pressure-Vessel Super Critical Water-cooled Reactor (PV 

SCWR) NPP concept [19]  

Once constructed, they will be able to produce safe and clean energy at reduced cost 

compared with the current generation of nuclear reactors. Since its inception in January 

2000, GIF has been overseeing a large amount of research and development (R&D) 

activities conducted in its member countries.  
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The primary aim of GIF is to complete R&D of the SCWR by 2020 and deploy it 

commercially around 2030 [20]. 

2.1 Development status and progress of SCWRs 

As reported in the Generation IV International Forum (GIF) Annual Report [18], 

development of proposed concepts for SCWR by the following GIF Member States namely 

Japan, EURATOM and Canada have been completed successfully, reviewed by 

international peers and their viability assessed. Currently, these Member States are working 

on R&D to improve confidence on the developed concepts. The proposed concepts for 

SCWR plants are illustrated in Figure 2.2. The general information about the SCWR is 

presented in Table 2.1.The Japanese and EURATOM’s core concepts are pressure vessel 

(PV) type, while the Canadian one is pressure tube (PT) type. The developed core concepts 

for both EURATOM and Canada are thermal spectrum. In contrast, two core concepts 

developed by Japan are one with a fast spectrum and the other with thermal (both having 

the same plant concept) [18]. 

Moreover, China and Russia Federation have continued to work on the development and 

completion of their PV-type core. Nonetheless, a thermal spectrum configuration is being 

developed by China while the Russian Federation is developing and working on a fast 

spectrum core concept.  Plans by Peoples Republic of China to host a review of their 

concept with international peers is scheduled to take place in the year 2018 [18]. 
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Figure 2.2: Proposed concepts for the SCWR plant [Canada (a), 

EURATOM (b) and Japan (c)] [18] 

A generation capacity of 1000 MW power has been proposed for all the developed core 

concepts for SCWR except for a super-fast reactor by Japan, this has been considered to 

be excessive especially for small communities in remote areas. Interests to developing 

small SCWR concepts with a capacity ranging from 10-300 MW in electric power has 

increased due to the  adjustment of the core of SCWR being flexible. Establishment of the 

project plan to pursue the success of the development is ongoing.  As Pioro et al. [21] 

indicated, data that has been obtained for FFFPPs (Fossil Fuel Fired Power Plants) can be 

useful in the heat transfer prediction of supercritical water (SCW). Code validation for fuel 

bundles with complex geometries if available needs to be done with bundle experiments.  

An upgrade including supercritical water and a safety feature of depressurizing transients’ 

conditions to subcritical conditions has been done on Codes for analyzing transient safety 

in systems [21]. Numerical studies on stability of the flow in the core has also been done. 

Equally in BWRs, using suitable inlet orifices in fuel assemblies flow stability can be 

ensured. 
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Table 2.1: SCWR Concepts Key Parameters 

Countries Canada       China EU      Japan 
Russian 

Federation 

Type PT PV PV PV PV PV PV 

Spectrum Thermal Thermal Mixed Thermal Thermal Fast Fast 

Pressure (MPa) 25 25 25 25 25 25 24.5 

Inlet Temp. (˚C) 350 280 280 280 290 280 290 

Outlet Temp (˚C) 625 500 510 500 560 501 540 

Thermal Power (MW) 2540 2300 3800 2300 3794 1602 3830 

Efficiency 48 43 44 43.5 46 44 45 

Active Core Height (m) 5 3 4.5 4.2 4.2 2.4 4.07 

Fuel Pu-Th(UO₂)UO₂ UO₂ UO₂/MOX UO₂ UO₂ MOX MOX 

Moderator D₂O D₂O H₂O H₂O/− H₂O -/ZrH − 

# of Flow Passes 1 2 2 3 1∕2 1∕2 1∕2 

 

2.2 Previous related work on the One-eighth Fuel Assembly 

Extensive research and development (R&D) activities covering a broad range of the SCWR 

development have been carried out in recent past years, the “High Temperature 

Supercritical-Pressure Light Water Reactor” (SCLWR-H) and the Super Light Water 

Reactor (Super LWR) were proposed in Japan [15, 22]. The square arranged fuel assembly 

with single row of fuel rods between water rods was used in these proposed designs. 

Neutron moderation in these designs was improved by the water rods. However, these same 

water rods also causes heterogeneous moderation. Similarly, the square fuel assembly has 
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been used in the HPLWR design studies [6, 23]. As for this assembly (sq), two rows of fuel 

rods surrounds one water rod in the center.  In overcoming heterogeneous moderation, fuel 

rods having lower enrichment are strategically placed in the corner of the fuel assembly.  

Another solution of addressing moderation problem is a fuel assembly having a double row 

of fuel rods with a central moderator box double as recommended by Zhao [24], Liu and 

Cheng, [25]. Their finding was obtained from a square assembly. In addition, a more 

uniform moderation was achieved on a double-row-rod assembly as compared to the one-

row-rod assembly [26].  A number of research works to achieve maximum power in both 

PWRs and BWRs has been conducted by many researchers as observed by Schulengberg 

et al. [7]. This was done by optimizing the geometrical parameters of their annular fuel 

assemblies. 

Furthermore to study and analyze the performance of heat transfer (effects, behaviour) in 

the proposed design of a fuel assembly for high performance light water reactor proposed 

by Hofmeister  et al. [16]. STAR CCM+ CFD code was used. However, from the previous 

related work coupled STAFAS with MCNP codes were used in the analysis of Coupled 

Neutronics/Thermal-hydraulics analysis of HPLWR by Waata [17].  Details of the fuel 

assembly analyzed are presented in the subsequent sections. 

The fuel assembly configuration comprises of a 7 × 7 fuel pin arrangement with a central 

moderator box, the lattice is square as illustrated in Figure 2.3. The fuel pins have 8 mm as 

an outer diameter with 0.15 mm being the gap between the fuel pellet and cladding, and 

0.5 mm thickness of the cladding. As reported by Waata [17], 1.15 was considered and 

taken to be the pitch-to-diameter ratio (P/D). An active axial length of 4.2 m was considered 

and modelled while the inactive part of 0.255 m of the fuel rod bundle in this study was 
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not included. Table 2.2 shows the design parameters of the fuel rod bundle. Taking 

advantage of the symmetry capabilities, modelling for the test analysis was only done for 

one-eighth section of the square fuel bundles. 

 

          Figure 2.3:  The HPLWR Fuel assembly design [26] 

Details of the 1/8th fuel assembly is illustrated in Figure 2.4. The assumption of symmetry 

decreases the number of sub-channels to 9 and that of fuel pins to 7 as labeled in Figure 

2.4. 

 

Figure 2.4 : A one-eighth symmetrical square fuel assembly labelled 

9 with sub-channel and 7 fuel rods [25] 
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Table 2.2: Geometry data for a fuel assembly 

Parameters Values 

Outer diameter of a fuel rod (mm) 8.0 

Thickness of Cladding (mm) 0.5 

Pitch/Diameter ratio (P/D) 1.15 

Active axial length (m) 4.2 

Inactive part below and above the active part (mm) 255 

Moderator box length (mm) 26 

Half  gap around one fuel assembly (mm) 5.0 

Gap between fuel rod and box wall (mm) 1.0 

 

As proposed by Bittermann et al. [27] the downward flow of the moderator water was 

considered and maintained in Waata’s work. As shown in the Figure 2.5, the flow path of 

the coolant through the core in the RPV.   
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Figure 2.5: The main flow path feed water in the RPV for HPLWR [17] 

The feed water enters into the RPV at an inlet temperature of 280 ˚C, where it was split 

into two parts. The assumption made for the analysis of sub-channels was that 75% of the 

feed water 𝑚𝑇𝑂𝑇 was supplied to the lower plenum via down-comer and the remaining 

25% flowing downwards served as the moderator water 𝑚𝑀𝑜𝑑 to the upper plenum. The 

moderator boxes were provided with a flow split of one-third of the moderator water 𝑚𝑀𝑜𝑑, 

and   in order to get an equivalent mass flux in all the moderator systems the assembly gaps 

𝑚𝐴𝐺 were supplied with the remaining fraction of two-third. All feed water 𝑚𝑇𝑂𝑇 and 

moderator water 𝑚𝑀𝑜𝑑 via the down-comer was mixed ideally in the assembly foot piece 

as illustrated in Figure 2.5. The mean average coolant outlet temperature value of 500 ˚C 

at the exit of the reactor pressure vessel was assumed [17].  

2.2.1 The Power Used and Implemented  

A total mass flow rate of 0.167 kg/s and the total power of 327.5 kW was assumed for the 

test analysis for the one-eighth fuel assembly, from the average outlet temperature of the 
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coolant was numerically evaluated. Based on these assumptions, Waata calculated a total 

thermal power of 2620 kW [17].  A core configuration with 88 clusters and 9 fuel rod 

assemblies per cluster having a square fuel assembly design was proposed (Hofmeister et 

al. [5] ). Consequently, 2075 MW as total thermal power was obtained translating into 9% 

less than that proposed by Bittermann et al. [27]. The average rod power of 15.6 kW/m and 

104 MW/m3 as an average power density, was evaluated for this FA configuration. The 

energy generation per unit volume of the core is similar to that of a typical PWR.  

Using STAFAS a sub-channel code for the thermal-hydraulics analyses of coolant 

properties beyond the critical point with separate moderator channels, the parameters 

presented in Table 2.3 were taken into account. 

           Table 2.3: Parametric data for the one-eighth square FA 

Parameters Values 

Coolant exit temperature (˚C) 507 

Average rod power (kW/m) 15.6 

Power density (MW/m3) 104 

Total power of the 1/8th FA (kW) 327.5 

Average coolant mass flux (kg/m2s) 890.3 

 

 MCNP was used to calculate the distribution of power in each individual fuel rod, which 

was subsequently imported into STAFAS to get the equivalent thermal-hydraulic 

conditions in each individual sub-channel [28]. Furthermore, the coupled system code was 

tried on a proposed HPLWR fuel assembly.  
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Figure 2.6: Cross-section of one-eighth vertical FA 

Figure 2.6 shows the vertical cross section of the FA. The convergence was achieved by 

introducing an under-relaxation. Satisfactory convergence was obtained with the test 

results having a value of 0.2 as an “under-relaxation factor”. Test analysis results obtained 

indicated that the power profile in the axial direction of the fuel rod bundle for HPLWR 

had two peaks. As illustrated in Figure 2.7, due to strong moderation from the coolant in 

the lower part a stronger peak is observed and a weaker one in the upper part triggered by 

the moderator water. In an effort to reduce hot spot streaks at the corner walls of the rod 

bundle and also obtain a power profile with a uniform distribution, a 5% uniform UO2 was 

assumed for all the inner most fuel pins, while the corner rod was enriched to only 4%. 

Temperature with uniform distribution in any cross section was also realized. The local 

maximum cladding temperature of the fuel assembly was found to be within the allowable 

limit of 620 ˚C [17]. 
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Figure 2.7: Axial power profiles of the fuel pins in a “sq2.1 assembly” 

[17]. 

2.2.2 Temperature Profiles in the Sub-channels 

The graph in Figure 2.8 presents the distribution of coolant temperatures of individual sub-

channels along the total height of the fuel assembly obtained by Wataa [17].  The average 

exit temperature of 507 ˚C was evaluated for this assembly which is within the design set 

outlet temperature.  
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Figure 2.8: Coolant profiles of a coupled neutronic/thermal hydraulic 

analysis [19]. 

2.3 Experimental Studies conducted so far 

Studies on the characteristics heat transfer in the 2 × 2 fuel rod bundle with and without 

the wire-wrapped spacers have been conducted by CNL in collaboration with Xi’an 

Jiaotong University. Gu et al., [29] observed that the wall temperature in the circumference 

was not uniformly distributed in the heated rods. This was attributed to the wall 

temperatures dependence on the flow conditions. The heat transfer enhancement observed 

in the fuel bundle was however, relatively small. Examinations of the effect of spacer 

configuration on heat transfer has been investigated in a three-rod bundle using carbon 

dioxide at supercritical pressures as coolant. 

Generally, the difference in wall temperatures between grid spacers and wire-wrapped 

spacers is minimal. However, the wall temperature variation at several points of the heated 
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rod for the wire-wrapped spacer is smaller than that of the grid spacers at subcritical 

temperature region. This is due to the improved mixing of the coolant between sub-

channels of the wire-wrapped spacer. Hence, the flow and enthalpy imbalances are 

reduced. Another observation made was on the occurrence of localized HTE at the grid 

spacer locations but decayed over a short distance from the spacer. 

2.4 The two Main types of SCWR concepts 

Basically, SCWR concept can be classified into two types, pressure vessel type and a 

pressure tube type, the reactor core for these designs can either have a fast or thermal 

neutron spectrum. Even though the thermal spectrum type has a low density of superheated 

steam an additional water as moderator is required. This water is supplied via water rod 

inside the fuel bundles and in the gaps between the fuel rod bundles [30].  Furthermore, 

SCWR can also be classified in terms of the flow pattern, as illustrated in Figure 2.9 (a) a 

single pass design with a single heat-up process similar that of the conventional nuclear 

reactors. A two-pass design (Figure 2.9 (b)) in which the coolant flow is downward utilizes 

the two-step process in the peripheries of the core region to reduce the coolant peak 

temperature inside the core. This is accompanied by an ideal mixing of the coolant in the 

lower plenum of the core and a second heat-up in the inner core region. Oka et al. [31] 

applied such a technology in their superlight water reactor concept. However, as for a three-

pass core design (Figure 2.9 (c)), better coolant mixing to eliminate hot streaks between 

each step is achieved with the evaporator being the first heat-up in the inner region of the 

core, encircled with a first super-heater with downward flow and a second super-heater 

with upward flow [30]. 
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Figure 2.9: SCWR core design with different options for heating-up 

steps. (a) One-pass design, (b) Two-pass design, and (c) 

Three-pass design. [32] 

More heat-up steps increase the complexity of the core design.  This means that the fuel 

assemblies in the clusters depending on how they are welded to the upper plenum, will be 

difficult to reshuffle and replace during the scheduled time of 1 year. Consequently, the 

coolant temperature peak will decrease at a predicted average outlet temperature of the 

core. 

2.4.1 Pressure Vessel Concept 

A design concept of a PV-type with a thermal neutron referred to as High Performance 

Light Water Reactor (HPWR) has been worked on by a consortium comprising of twelve 

organizations from eight countries in Europe from 2006-2010 [6]. The core of this reactor 

is designed to be cooled and moderated with SCW at 25 MPa while the exit temperature 

has been set at 500 ˚C. Design features coupled with the design concept analyses has been 

summarized by Schulengberg and Starflinger [32]. This reactor is designed to be operated 
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at a thermal power equal to 2300 MW, with an overall efficiency of 43% of the steam cycle 

which in turn translates into a net value of electric power equal to 1000 MW. With 500 ˚C 

as a target exit temperature of coolant, the superheated steam is insulated thermally from 

the RPV, maintaining it below 350 ˚C. Figure 2.10 displays a three pass core. 

 

Figure 2.10: Pressure vessel type of the HPLWR with a three-pass core 

[21] 

The three-pass flow regime is applied in the HPLWR core design concept (Figure 2.8 (c) 

and Figure 2.10), and the peak coolant temperature is maintained below 600 ˚C via the 

mixing mechanisms in both the upper and lower plena of the core.  The CRs are introduced 

from the top similar to that of the PWR, while guide tubes are used for the control rod 

alignment in the top half of the RPV. The fuel rod bundles of the reactor core are erected 

on the thick core support plate of the core barrel, suspended in the reactor flange. The steam 

plenum along with the mixing plenum are flexible in design, and ease the fuel reshuffling 

and replacement that is conducted on a yearly basis. They can also be removed without 

difficulties after extracting steam from the hot steam pipes. In an event where the line 
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supplying feed water breaks, the resultant coolant loss has been addressed and minimized 

by the four back limiters that supplies feed water to the RPV. The top half of the RPV is 

being purged by half of the feed water supplied, this water which is inside of the water 

channels of the fuel bundles (flows through the gaps between the assembly boxes) serves 

as moderator water. Subsequently, water serving as moderator is mixed with the feed water 

residual underneath the lower mixing plenum of the core immediately after cooling the 

radial core reflector. The orifices in the lower mixing plenum are used to adjust the mass 

flow split. 

2.4.2 Pressure tube concept 

As indicated by Yetisir et al. [33], the evolution of Canadian SCWR emanated from the 

well-established PT-type CANDU reactor. The adopted thermodynamic cycle of the 

Canadian SCWR is similar to that of the improved and latest turbine configuration of the 

fossil power plants currently in operation and using supercritical water. The moisture steam 

separator (MSR) between the intermediate pressure (IP) and low pressure (LP) turbines is 

included in the adopted cycle. The function of the MSR is to separate moisture from the 

steam and to reheat the steam to ensure that the moisture content is within the acceptable 

amounts at the low pressure turbine outlet. Four LP condensate heaters are included in the 

cycle along with a deaerator and four HP feed-water heaters.  

According to this design, SCW at high-pressure is directly fed into the SCW turbines. 

Similarly, the conventional BWRs also uses this adopted direct cycle at lower pressures 

and temperatures [7]. However, the implementation of high temperatures and pressures is 

facilitated by the cycle being direct. This in turn leads to the simplification of the system 

and elimination of steam generator and its associated components useful for the energy 
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transfer. The thermodynamic cycle of the Canadian SCWR is designed for high-pressure 

turbines operating at a pressure of 25 MPa and temperature of 625 ˚C. Feed water enters 

the core at a temperature of 315 ˚C and a mass flow rate of about 1,176 kg/s while thermal 

power is about 2540 MWth. The calculated gross value of 1,255 MWe as electrical output, 

gives 49.4% as the gross thermal efficiency of the reactor [30].  

  

Figure 2.11: Canadian SCWR core concept. 

  

Figure 2.12: View of the cutaway outlet sleeves  
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Figure 2.11 shows the Canadian SCWR core concept which comprises of 336 fuel channels 

attached to a common outlet header, a pressurized inlet plenum, and an LP calandria vessel 

containing heavy water as moderator. As a safety measure, the adoption of counter flow in 

the fuel channel is to completely avoid a coolant loss in the reactor in case of an entire 

break of either the pipe inlet or outlet. In a bid to increase the moderation of the neutrons 

near the inside of the rings of the fuel rods a central flow passage without fuel is introduced 

at the center.  Nevertheless, radial power is uniformly distributed across the fuel channel 

and throughout the burn-up cycle a desirable negative coolant void reactivity due to central 

flow channel feature is achieved. The coolant supplied in this case flows through the inlet 

plenum, close to the outer part of the header outlet (blue arrows in Figure 2.11), then flows 

subsequently into the extension of the PT via a series of slots, and finally into the fuel rod 

bundle via a crossover piece (a). Then again flows via (a) downwards central tube of the 

bundle, then flows backwards up via the fuel pins (b), and finally leaves through the header 

outlet. 

Even though the inlet plenum is classified as a pressure vessel, its constituents are not 

bound by high neutron fields; thus, damage in relation to irradiation is not a major concern. 

Owing to the operating temperature of approximately 315 ˚C, the following material 

composition of SA 508 grade 4N, 3-4 wt% nickel of a pressure-vessel steel has been 

selected. In addition, the internal surface of the vessel may be coated with stainless steel 

(308 or 309) further corrosion inhibition. While Alloy 800H (Fe-Ni-Cr alloy) has been 

selected as the material for the head and outlet header because of an excellent 

demonstration of the following properties, corrosion resistance, strength and toughness at 

high temperatures. 
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Figure 2.13: Connection of a fuel channel to the outlet header. 

Owing to the pressure difference conditions being low at the inlet through to the outlet, the 

possible generation of stresses or forces is low; hence the design requirements are 

comparatively light. Isolation of the sleeve as illustrated in the Figure 2.12 by utilizing 

thermal flexibility is used to decouple the outlet sleeves from the plenum inlet. The fuel 

channel made up of a pressure tube that extends into the moderator and an extension that 

connects the pressure tube to the outlet header (see Figure 2.13). The bellows expansion 

joint eases the differential movement between the outlet header and the channel. This 

flexibility in the design configuration eases the replacement of a single channel, if need be. 

Nevertheless, due to the low absorption of neutrons heavy water has been chosen over light 

water as moderator at low pressures. Additional moderator around the core is included to 

act as a shield and neutron reflector. The location of the tube sheet of the inlet plenum is at 

0.75 m on the top part of the core, ensuring the plenum material is protected from damage 

by radiation. The reactivity control mechanisms strategically positioned on the sides of the 
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core are shielded, at a minimum, with an equivalent amount of moderator water and 

increasing amount at the reactor centerline as a result of the curvature of the calandria 

vessel. A recirculation pumping system is used to pump the moderator water which 

operates at subcooled temperature conditions, however in case of power failure at a station, 

a flashing-driven natural circulation loop is used to passively remove core decay heat. The 

location of the inlet and outlet nozzles for these safety systems are just above the core, this 

is to ensure that the calandria does not drain due to a pipe break. 

2.5 Fuel assembly concept 

The density of the coolant decreases to less than 200 kg/m3 above 390 ˚C, hardly enough 

for the production of a thermal neutron continuum. Consequently, a moderator  required 

for a thermal neutron continuum, can either  be supplied as feed water flowing through 

moderator boxes within the fuel assemblies and also between the gaps of the assembly 

boxes or separately as heavy water in case of a PT-type concept [30]. 

2.5.1 Fuel assembly concept for a HPLWR  

The fuel assemblies in a typical HPLWR concept are designed with a central moderator 

box surrounded by 40 fuel rods arrayed into two rows. This design arrangement provides 

also a substantial small thickness of the walls of both the assembly and moderator boxes, 

as illustrated in Figure 2.14. Based on the recommendations made by Schulenberg and 

Starflinger [32], nine assemblies have been grouped into a cluster having common head 

and foot pieces, as displayed in Figure 2.15. The dimensions of the fuel pins are 8 mm as 

outer diameter with a wall thickness of 0.5 mm and 1.18 as P/D. A wire-wrap having a 

thickness of 1.44 mm around each individual rod serves as a spacer grid and also as an 
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effective mixing device. To minimize the heat-up of the moderator water in the fuel 

assemblies, a thermal insulation between two sheets made of stainless steel is inserted 

between the moderator box and assembly box. Control rods, packed with boron carbide, 

are introduced inside five of the nine inner boxes of a cluster [30]. 

 The heated (active) length of the fuel assembly is 4.2 m. To minimize the increase in 

pressure during burn-up, a fission gas plenum of length 0.5 m is used on top of the fuel 

pellets. The windows in the head piece of the fuel assembly cluster are designed to 

discharge and supply steam to the steam plenum. The C-rings are used to seal windows 

against any ingress of moderator water into the generated steam.  

For a 3-pass reactor developed to generate 2300 MW as its thermal power, comprises of 

52 clusters of fuel assemblies which makes up an evaporator in which the coolant flows 

upwards. The evaporator is surrounded by 52 clusters which serve as the first superheater 

with a downward flow of coolant in them [30]. The power density is relatively low in the 

52 clusters (serving as the second superheater) located at the periphery of the core, thereby 

maintaining temperature of the cladding surfaces below 650 ˚C. The computed average 

power density of the core in HPLWR is analogous to that of the BWR, and the evaporator 

has a power density of about 100 MW/m3, similar with that of a PWR [30]. 
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Figure 2.14: A typical Fuel assembly design of the HPLWR. 

 

Figure 2.15: Cluster design of the HPLWR assembly comprising of 

Foot piece, head piece; CRs inserted in 5 moderator boxes 

from the top. [25]. 

Replacement of the fresh fuel assembly cluster in the evaporator and reshuffling of fuel 

assembly clusters from the peripheries of the core into the central part is scheduled to take 

place once in a year, “mainly from the evaporator then to the first superheater and from 
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there to the second superheater”. Four rods per fuel assembly consisting of a mixture of 

fuel and gadolinia pellets are used at the beginning of each burn-up cycle [30]. 

Accordingly, boric acid, is not used in SCWR due to a drastic change of its solubility issue 

in SCW immediately after the coolant reaches pseudocritical region (384.9˚C at 25 MPa). 

However, the only second safety alternative or option proposed to be used in emergency 

situations (i.e. emergency shut-down mechanism) is the injection of boric acid [30]. 

2.5.2 Fuel assembly concept in the Canadian SCWR  

The fuel proposed to be used in the Canadian SCWR concept is analogous to the current 

conventional CANDU reactor, in that the produced heat from the ceramic pellets is 

transferred via the metallic cladding to the primary coolant [30]. 

The fuel assembly is comprised of the fuel rods, flow tube centrally located, encapsulated 

insulator, top and down part supports of the fuel rods, flow exchanger of the inlet/outlet, 

and exit flow tube. Figure 2.16 illustrates the cross sectional arrangement. Inlet plenum is 

used to transfer the coolant at the inlet to the fuel assembly initially runs through the outer 

parts of the assembly design [30]. A flow exchanger on top of the fuel elements and support 

of the upper fuel element, is used to transfer the coolant entering through the inlet to the 

flow tube which is centrally located. The outlet coolant is transferred from the outwards of 

the FA to the outlet flow tube where it proceeds to the outlet header using the same flow. 

The Inlet coolant flow according to the design is downwards through the “central flow 

tube” to the lower part of the fuel rod bundle. The direction of the coolant is reversed at 

the bottom of the FA and flows upwards in the periphery of the FA over the fuel elements 

to the flow exchanger-outlet flow tube. The FA concept comprises two rings (inner and 

outer), each having 32 fuel elements in ring and 64 fuel rods in total (see Figure 2.17 for 
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the “cross-sectional view”). The dimensions of an individual fuel element are as follows, 

9.5 mm as the outer diameter for the inner ring and 10 mm for the fuel elements in the outer 

ring. Each individual fuel element has a total length of 6.5 m, in which the fuel pellets are 

housed, the inner filler tube located within the plenum area prevents the element from 

collapsing due to external pressure, while the spring holds the fuel pellets in place but 

allows the pellet to expand. The fuel element has an active length of 5 m. The two ends of 

the element are closed with and end plug, which is welded to the cladding tube. The wire 

wrap in spiral arrangement is used as a spacer between fuel rods, inner-ring elements and 

the flow tube in the centre, also to maintain the spacing between outer-ring elements and 

the inner insulator liner. Furthermore, to keep on maintaining the gaps, these wires 

relatively reduce the vibration of each rod and improves heat transfer from the cladding 

wall to the coolant. Experimental investigations conducted so far using tubes, annuli, and 

bundles, have shown the efficacy of wire-wrapped spacers on improved or enhanced heat 

transfer. Fretting caused by wire-wrapped spacers on the fuel cladding has been identified 

as one of the concerns. Taking into account the flow which is relatively low in the channel, 

fretting may not be an issue, as anticipated. However, an experiment is required in this 

instance to confirm this phenomena. [30]. 
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Figure 2.16: SCWR fuel assembly Cross-sectional views 

 

 

Figure 2.17: A 64-element fuel assembly cross-sectional view inside of the 

of a PT-type concept 
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2.5.3 Fuel assembly concept of a Fast reactor (FR) 

The fuel assembly design appears to be simpler and flexible for a core of a reactor having 

a spectrum with fast neutrons. The fissile plutonium contained in the seed assemblies of 

hexagonal fuel assembly design type proposed by Oka et al. [31], is nearly 25%, and is 

dependent on the size of the core, mixed with the blanket fuel assemblies with pure 238U 

in a non-uniform configuration. The flow of the coolant can either be downward or upward, 

and this is dependent on the headpiece, in which windows may not be included in the design 

towards the steam plenum on top of the core. According to Figure 2.18, the concept may 

be characterized by a design of either a two-pass or one-pass having a flow path that is 

flexible. The fingers of the control rod are introduced from the top to the inner parts of 

thimble tubes similar to that of a PWR. 

 

Figure 2.18: Alternative flow patterns for Super-Fast Reactor, a) two 

pass core, b) one pass core 

The cladding material of the fuel elements in the fuel assemblies of FR is made of stainless 

steel and each individual rod has a design outer diameter of 7 mm and 8.12 mm as the 
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pitch. Accordingly, a mean power density of 158 MW/m3 of the core which is “high” is 

facilitated by this tight hexagonal arrangement. For having a thermal power of the core of 

1 650-MW along an active height of 3 m, 126 seed assemblies and 73 blanket assemblies 

would be needed. 

A rise in the reactivity of the core with a decrease in the density of the coolant for a fast 

neutron spectrum has been identified as one of the general problem of such a FR concept. 

This problem can be addressed by keeping the local void reactivity and adding a moderator 

which is solid throughout the full burn-up cycle, in this instance zirconium hydride (ZrH) 

as well as stainless steel is used to surround the blanket fuel assemblies, which increases 

the leakage of neutrons and in turn softens the spectrum. Figure 2.19 presents this concept. 

However, the drawback of this concept, is that more plutonium is consumed in this reactor 

as compared to the degree of breeding, which may not be ideal for the sustainability of 

nuclear energy concept. 

 

Figure 2.19: Design of a fast reactor core FA with fast neutron spectrum [29]. 
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2.6 The SCWR safety system concept 

Defense-in-depth is defined as a safety philosophy that guides the design, construction, 

inspection, operation, and regulation of all nuclear facilities. In these advanced light water 

reactors is taken into consideration and applied to mitigate any possible form of accident.  

Thus, the following save the power plant operation measures shall be ensured to [30]: 

Operating systems shall be used as safeguards during normal operation. Additionally, the 

basis of a power plant will be on 

• conservative design coupled with high availability and reliability and 

• Verified and tested technology and quality assurance. 

Operating occurrences of rare events (<10-2/year) shall be controlled and limited by 

• Inherent safety and nuclear stability and 

•  Monitoring and diagnostics 

The following enlisted safety systems shall be employed to control and possibly avert 

accidents within the design basis having a probability of <10-5/year, these include 

• “redundancy and train separation”, 

• “protection against internal and external hazards”, 

• “qualification against accident conditions”, 

• “Automation”, plus 

• “Autarchy of the safety systems”. 

Several failure scenarios (e.g., LOCA, station blackout, and total loss of water) and severe 

external events (e.g., military invasion due to war or large commercial aero plane crash) 

have been accounted for in the safety design of extension events which must be safe 

guarded by 

University of Ghana  http://ugspace.ug.edu.gh



  
 
 

39 

• Diversity of systems and 

• Able to withstand the occurrence of any external loads. 

If accidents that are severe should still occur, the protection of supercritical water reactor 

will be effected by 

• features mitigation and 

•  Preventing the early premature severe damage of the containment due to energetic 

consequences emanating from (eg, direct heating of the containment, the explosion 

of steam and the detonation of global hydrogen). 

2.6.1 Safety systems implemented in a PV-type SCWR concept 

Enlisted below are some of the common requirements in terms of safety for the design of 

a PV-type supercritical water reactor, which have been taken from LWR designs (BWR or 

PWR) with little modifications [34, 30]: 

• limiting the steam pressure using the  pressure relief valves 

•  the shut-down system of a reactor in which CRs  are used or boron is injected as a 

second alternative, “divers shut-down system”, 

• automated depressurization system of the steam lines into a pool inside of the 

containment via the spargers to close the coolant loop inside the containment in an 

event  of the isolation of the containment   

• containment isolation by both active and passive isolation valves in each individual 

line penetrating  through  the containment to close the third barrier in case of an 

accident,  

• A residual heat removal system for long-term cooling of the containment.  
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Figure 2.20 shows a typical example of a HPLWR containment safety system which is 

compact in design with inner diameter and height of 20 m and 23.5 m respectively [32]. 

The containment which is cylindrical shaped from pre-stressed concrete is able to with 

stand 0.5 MPa internal pressure according to the design. It comprises of the RPV, a 

suppression annular pressure pool  with 900 m3 of water and 500 m3 of nitrogen, four upper 

pools with a total water volume of 1121 m3, and a drywell gas volume of 2131 m3. Four 

feed-water lines with check valves and four steam lines with containment isolation valves, 

each inside and outside of the containment, connect the reactor with the steam cycle. These 

valves are designed with a stroke time of 3 s, actively and passively closing. Four automatic 

depressurization systems (ADSs), each equipped with two safety relief valves and two 

depressurization valves, open a flow cross section of 110 cm2 each to eight spargers in the 

upper pools [30]. 

Below the pressure suppression pool, four extra components not strictly necessary for 

functioning and separate low pressure coolant injection pumps, having an exit pressure of 

no less than 6 MPa with a maximum flow rate of 180 kg/s each, supplying coolant from 

the pressure suppression pool through a mechanism of heat exchange for residual heat 

extraction and through a check valve to the feed-water line. The coolant loop in the 

containment is closed by overflow pipes from the top part of the pressure suppression pool. 

The drywell is connected to the pressure suppression pool by sixteen vent tubes in the 

containment [30]. Four emergency condensers are connected with the four steam lines and 

feed-water lines hanging from the top in the upper pools.  
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Figure 2.20: HPLWR containment and safety system [22] 

Furthermore, the four containment condensers mounted at the drywell of the ceiling, are 

joined to pools above the containment on their secondary side. To facilitate the 

condensation of the steam once the saturation temperature has been attained in the pools 

and as the pressure of the containment starts to rise their secondary side has been opened 

permanently, in the unlikely instance where the “heat sink of the residual heat removal 

system” is unavailable. Open connecting pipes from the ceiling to the pressure suppression 

pools enable a discharge of hydrogen from the drywell. In turn, the pressure suppression 

pool can be vented to the stack through aerosol and iodine filters”. The lines of the feed-

water together with the two pumps are connected to the boron poisoning injection system 

with a10 m3 tank containing 20-25% concentration of B-10 located outside on the top part 

of the containment. This serves as an additional safety feature in shutting down the system 

[34]. 
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2.6.2 Safety systems envisaged in a PT-type SCWR concept 

The safety systems adopted in Canada’s supercritical water reactor concept is that of more 

advanced heavy water reactors which incorporate multiple levels of independent and 

different safety systems used to improve the reliability by strengthening defense-in-depth 

and passive safety systems. The enhancement of safety to significantly prevent the damage 

of core and mitigate the releases of radioactive materials into the environment is one of the 

key developmental goals of Canada’s SCWR concept. 

 

Figure 2.21: The Canadian safety system concept 

Moreover, there is a transformative enhancement in the risk of core damage by the 

inclusion of additional passive decay heat removal passageway in emergency situations. 

This ability is possible through a combination of a natural circulation-driven moderator 

cooling system, the fuel rod assembly and fuel channel concepts, and the transfer of direct 

radiation heat from the fuel to the insulator liner. The safety concept that has been adopted 

for Canada’s supercritical water reactor concept is described by Novog et al. [35], and 
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Yetisir et al. [33] and Gaudet et al. [36] gives a detailed description safety system designs. 

Figure 2.21 displays the inside part safety system features of the reactor building. More 

details of safety systems can be found in report prepared by Schulengberg and Leung [30]. 

2.7 STAR-CCM+ Simulation  

2.7.1 Background  

STAR-CCM+ is a mathematical idealization (representation) of real materials such as 

solids, fluids and gases. Continuum mechanics is concerned with the behaviour of such 

representations. It is based on laws of conservation of mass, energy, momentum, moment 

of momentum and entropy, and is aided by a mathematical apparatus specifically 

developed for it [37]. 

2.7.2 Principle of Operation  

STAR-CCM+ is based on numerical solution of equations governing fluid flow by the 

finite volume method. This entails transforming the governing equations into a system of 

non-linear algebraic equations, whose subsets approximate each conservation equation 

[37]. Time, space and equations relating values of dependent variables are treated as basic 

unknowns at a finite number of locations (grid-points) in the calculation domain. 

Continuous information contained in the exact solution of differential equations is replaced 

with discrete values for the distribution of dependent variables. This process is called 

discretization and the algebraic equations involving unknown values of the dependent 

variables at each grid point are referred to as discretization equations.  

Time discretization entails subdivision of a given time interval into a number of smaller 

subintervals or time steps. Space discretization consists of defining a numerical mesh 
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consisting of a finite number of computational points, thus replacing the continuous 

functions by their values at those points. Replacement of individual terms in the governing 

equations by algebraic expressions connecting nodal values on a numerical mesh is called 

equation discretization [37]. An illustration of the discretization process is shown in the 

diagram (Figure 2.22).  

 

Figure 2.22: Illustration of the finite volume method [36] 

STAR-CCM+ is inherently a computational fluid dynamics (CFD) code and hence it 

comprises three main elements: (i) a pre-processor, (ii) a solver and (iii) a post-processor. 

Pre-processing entails defining the problem, geometry generation with the aid of inbuilt 

geometry modeller together with facilities for importation of external computer aided 

design (CAD) models, mesh generation and physics set-up.  

Solvers are mathematical software libraries that take the generic form of the problem and 

calculate the solution. A discretized version of the transport equations is solved for each 

cell in a mesh when the solver is run. Velocity and pressure solvers apply the Semi  
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Implicit Method for Pressure Linked Equations (SIMPLE) algorithm. The discretized 

continuity equation takes the form of a pressure correction equation and estimated values 

of its solution are placed at all grid points in a mesh. Tentative values of the coefficients in 

the discretization equation are then calculated and the equation is discretized into a set of 

linear algebraic equations. The equations are solved to get the new values of velocity and 

pressure which are reused to calculate values of the coefficients of the discretization 

equation. The process is repeated until further repetitions (iterations) cease to produce any 

significant changes in the values of velocity and pressure. The final unchanging state is 

called the convergence of the iterations [38] 

Energy solvers compute the conservation of energy within each control volume or cell in 

the mesh. The solver similarly proceeds from an initial guess of the energy distribution in 

each cell and performs a series of iteration to obtain a converged solution of discretized 

algebraic equations for the transport and distribution of energy in the domain. The κ-ε 

turbulent solver computes the solution of transport equations for two scalar properties of 

the turbulence. It solves κ equation which is a model for the turbulent kinetic energy and 

the ε-equation which is a model for the dissipation rate of turbulent kinetic energy in the 

domain. The solution of two convective transport equations namely the specific dissipation 

rate (ω) and turbulent kinetic energy (κ) in the computational domain is computed by the 

κ- ω solver.  

Data generated by the solver is post processed using various data visualization tools. The 

Plots node, which has a pop-up menu, is the object manager for all monitor plots and XY 

plots that have been created in the simulation. It exists even when empty to allow creation 

of the first plot, but will typically contain a residuals plot, which is created automatically 
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once you start iterating. The plotting features in STAR-CCM+ allow you to create three 

kinds of two-dimensional plots:  

 Monitor plots  

Are useful in tracking the solution of the simulation and ensuring that it is converging 

within each time step. Normally, monitor plots are used to display various types of selected 

quantities to keep track of the convergence of the solution. Residual plots represent the 

degree at which the discretized equation is satisfied in each cell. When the solver is run, a 

discretized version of the transport equations is solved for each cell in the mesh. Residual 

monitors keep a good track record of this global quantity for each of the transport equations 

solved in the continua within the simulation. The residual plot is a monitor plot that is 

automatically created from the active residual monitors on semi-log axes when iterating 

starts. All active residuals are displayed in the residual plot by default.  

 XY plots  

Based on the solution data from the simulation and/or simulation data.  

 Histogram plots  

Display data typically for particles [39].  

 

2.8 Heat transfer coefficient with wall temperature computed by Wataa. 

Wataa [17] used the Bishop correlation [40], to compute and predict the heat transfer 

correlation which in turn was used to evaluate the wall temperatures in each individual sub-

channel. The highest and maximum HTC value evaluated was 65 kW/m2 obtained in SC 
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(2), SC (4) and SC (7), as displayed in Figure 2.23 (these sub-channels have also been 

presented in Figure 2.4). However the maximum peak was first reached in SC (9).  

 

    Figure 2.23: Heat transfer coefficients profiles in each SC [17] 

The evaluated HTC values in each individual sub-channel were then used to obtain the wall 

temperatures. The evaluated wall temperatures were found to be within the allowable limit 

of the design criteria of 620 °C, set for the wall surface temperature of the cladding [17]. 

The temperature profiles are presented in Figure 2.24.  
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                   Figure 2.24: Wall temperature profiles in each individual sub-channel  [17] 
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CHAPTER THREE : METHODOLOGY 

 

This chapter gives a detailed insight on the methodology adopted to obtain numerical 

results in the study of heat transfer performance of the proposed fuel assembly of a SCWR. 

3.1 Numerical Data 

The numerical data used by Wataa [17] was implemented as input data for modelling 1/8th 

FA in the STAR-CCM+ code. The fuel rod diameter of 8 mm, P/D ratio of 1.15 and 4.2 m 

as active height of the heated section of the fuel assembly. The detailed dimensions 

considered in this present work are presented in Table 3.1. A uniform heat flux of 650 

kW/m2 in the fuel rods was implemented in the code [17]. The feed water temperature to 

the reactor pressure vessel was set at 280 °C and a total mass flow rate of 0.167 kg/s (601.2 

kg/h). Inlet coolant temperature to the fuel assembly was set at 300 °C and in the sub-

channels, the distribution was aimed at an average outlet temperature of 500-550 ˚C of this 

assembly. The in depth details concerning numerical data can be found in Wataa’s research 

work [17]. The water properties from NIST Table [41] was used to calculate physical 

properties of water applied for the SCW used in this analysis as a coolant. Some of the 

tools used are presented in Appendix C. The supercritical water is mainly characterized 

with physical property variations, and this must be cautiously taken into account when 

solving transport equations of continuity involving mass, momentum and energy. 

The obtained SC “(sub-channel)” coolant temperatures by Wataa were used to compare 

with the ones simulated using the STAR CCM+ code. 
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  3.2 CFD Model Description 

3D-CAD a feature-based parametric modeler within STAR-CCM+ was used to generate 

the one-eighth geometry. Extruding and cutting operations were then executed on the 

created geometry. Parts and regions were subsequently assigned to the geometry for 

integration with meshing and simulation process. In this analysis, dimensions used of the 

model (in mm) were obtained from an extract of the square fuel assembly configuration 

design proposed by Hofmeister et al., [16] as illustrated in Figure 3.1. 

 

Figure 3.1: A numbering representation of Fuel rods and sub-channels 

in “1/8 assembly type sq 2.1”created using STAR CCM+ 

CAD 

The fuel assembly “sq. 2.1” comprises of 40 fuel elements, an assembly box having an 

outer and inner side lengths of 67.2 mm and 65.2 mm respectively. Also a single moderator 

box having an outer and inner lateral lengths of 26.8 mm and 26.2 mm in the centre. 
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Detailed dimensions of the 1/8th fuel assembly implemented in STAR CCM + CAD are 

presented in Table 3.1.  

Table 3.1: Dimensions used for creating a 1/8th FA geometry 

 

 

To reduce the computation time and effort for the simulation results of the FA to converge, 

symmetrical design advantage was utilized. Thus one-eighth (1/8th) the computational 

domain was considered and simulated. Four turbulence models were implemented and 

assessed with a view to choosing one turbulence model capable of capturing heat transfer 

characteristics of the coolant flow near, at and after the pseudo-critical region. Table 3.2 

shows the selected turbulence models and their wall treatments.  

Square “2.1”Assembly type Values  

Number of moderator boxes per assembly (–) 1  

Cladding outer diameter  8 mm 

P/D  9.2  

Number of fuel rods (–) 40 

Active axial heated height 4.2 m 

Fuel assembly box 

Length of the inner side 

 

65.2 mm 

Thickness of wall 1 mm  

Length of the outer side 67.2 mm 

Moderator box 

Length of the outer side  

 

26.8 mm 

Thickness of wall  0.3 mm 

Length of the inner side  26.2 mm 

University of Ghana  http://ugspace.ug.edu.gh



  
 
 

52 

Table 3.2: Turbulence models 

No. Turbulence model Type Wall Treatment 

1 Shear-Stress Transport (SST)-Menter’s κ-ω Low y+ 

2 Standard Wilcox κ-ω Low y+ 

3 Abe-Kondoh-Nagano (AKN) Low-Re κ-ε Low y+ 

4 standard Lien’s Low-Re κ-ε Low y+ 

 

3.2 STAR-CCM+ CFD code 

The STAR–CCM+ v11.06 was used in this study because of its relative easiness in the 

mesh generation of complex geometries. Podila and Rao [42] have confirmed that the code 

is suitable for modelling the geometries of fuel rod bundles with or without the complexity 

of spacers or wire wraps in flows at subcritical and supercritical conditions. 

However, in addressing the occurrence of HTE and HTD, recommendations made by 

several researchers on the onset and possibility of these two heat transfer regimes occurring 

at normal supercritical operating conditions have been taken into account. Explanation to 

the performance of heat transfer results obtained from the analysis of one-eighth FA is also 

based on the account of normal heat transfer (NHT), heat transfer deterioration (HTD) and 

heat transfer enhancement (HTE). 
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3.2.2 Mesh Generation 

Region-Based Meshing was employed for the 1/8 of a single assembly of the computational 

domain. This entailed generating a mesh for the 9 sub-channels surrounding all the 7 fuel 

pins in the 1/8 fuel assembly.  

3.2.2.1 Surface Remesher  

 The surface remesher was used to optimize and improve of the whole quality of the 

existing surface for the volume mesh models by remeshing the initial surface. It was also 

used to re-triangulate the surface based on a user defined target edge length. However, in 

a bid to preserve the original triangulation from the imported mesh, specific surfaces or 

boundaries can be omitted in the process [39]. 

3.2.2.2 Trimmer Meshing Model  

The trimmer meshing model was chosen and used in the generation of fine mesh due to its 

flexibility and easiness. “Trimmed” cell meshes provide a robust and efficient method in 

the production of a high quality grid for both simple and complex mesh generation 

problems. Trimmer mesher uses the starting input surface to cut or trim the core mesh 

constructed from the hexahedral cells by utilizing a template mesh. The template mesh 

contains refinement that is based on the local surface mesh size and local refinement 

controls. In trimmed cells, automatic feature refinement is included to further optimize the 

cell distribution [43]. 

3.2.2.3 Prism Layer Mesher  

A prism layer is defined in terms of thickness, number of cell layers, size distribution of 

the layers and the function that is used to generate the distribution. The prism layer mesh 
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model is used in conjunction with a core volume mesh to generate orthogonal prismatic 

cells next to wall surfaces or boundaries. This layer of cells allows the solver to resolve 

near wall flow accurately, which is critical in determining flow features such as separation 

together with forces and heat transfer on walls. Additionally, separation affects pressure 

drop or drag whose accurate prediction depends on resolving the velocity and temperature 

gradients normal to the wall. 

The following meshing models were applied in the mesh generation pipeline: 

 surface remesher 

 Trimmer mesher 

 prism layer mesher 

Specifications of the applied meshing models are shown in Table 3.3. The total number of 

mesh cells generated from these specifications is 1,177,342 cells. 

Table 3.3: Meshing Specifications 

S/No  Mesh Settings Specification 

1 Base Size (mm) 0.2 

2 Prism Layer Thickness (mm) 0.1 

3 Near Wall Prism Layer  Thickness (mm) 0.1 

4 Surface Growth Rate 1.3 

 

The data specification of the mesh generated from Table 3.3 was applied as depicted in 

Figure 3.2. 
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Figure 3.2: Mesh Scene of the Computational Geometry 

3.2.3 Physics Modelling 

Table 3.4 and Table 3.5 display the relevant initial conditions, physics models and 

boundary conditions respectively employed in the present work. 

Table 3.4: Initial Conditions 

S/No  Initial Conditions Specification 

1 Reference Pressure 25.0 MPa 

2 Temperature 300 ˚C 

3 Turbulence Intensity 0.01 

4 Reference Density 743.01 kg/m3 

                      

Initial conditions employed mimicked the actual operating environment of the SCWR. 

These conditions allowed the system to start up and stabilize thus enabling acquisition of 

simulation data by the code. 

University of Ghana  http://ugspace.ug.edu.gh



  
 
 

56 

Table 3.5: Physics and Boundary Specifications 

S/No 
Physics Model Specification 

1 Space Model 3-Dimensional 

2 Time Model Steady State 

3 Material Water 

4 Energy of State Model Polynomial Density 

5 Flow Model Segregated Flow 

6 Energy Model Segregated Fluid 

7 Viscous Regime Model Turbulent 

8 Turbulence Model K-Omega 

9 Wall Function Low y+ Treatment 

10 Convection Scheme 2ND Order Upwind 

11 Inlet Mass Flow 

12 Outlet Pressure 

13 Wall Surface Heat flux 

 

3.3 Governing Equations of Flow in the STAR-CCM+ 

In this sub-channel computational fluid dynamics analysis, finite volume method was used 

to first discretize and then numerically solve the equations of Reynolds Averaged Navier-

Stokes (RANS) and turbulence model simultaneously with the equations of continuity and 

temperature form of the energy balance in STAR CCM+. The continuity, momentum, 

energy and turbulence model equations are presented and discussed below regarding their 

impact on prediction of the sub-channel coolant temperatures, wall temperatures, outlet 

University of Ghana  http://ugspace.ug.edu.gh



  
 
 

57 

temperatures. However, it must be noted that these equations are standard and their use 

does not depend on the choice of models by a CFD user. 

The adopted notations in the equations are ρ, P, μ, 𝜇𝑒, g  which represents density, pressure, 

molecular viscosity, effective dynamic viscosity and  gravity respectively.  

The continuity, momentum and the energy equations are presented in the subsequent 

sections, equations 3.1 to 3.4. 

3.3.1 Continuity equation  

In general, variation of fluid properties is accounted for by employing formulas in a 

separate module. All the flow variables appearing in the continuity equation and in all the 

other transport equations are considered as mean flow, time- (or ensemble-) averaged ones, 

as shown in equation 3.1 [43]. 

𝜕𝜌

𝜕𝑡
+

𝜕(𝜌𝑈)

𝜕𝑥
+

𝜕(𝜌𝑉)

𝜕𝑦
+

𝜕(𝜌𝑊)

𝜕𝑧
= 0                                                           3.1 

where U, V and W are components of velocity corresponding to x, y and z planes 

respectively, ρ = density, x, y and z are the coordinates and t is the time.  

In the momentum equations, the Reynolds stresses that result from the process of averaging 

of the instantaneous Navier-Stokes equations are modelled using the Boussinesq 

approximation, i.e., assuming that they are proportional to mean rates of deformation, with 

the turbulent viscosity 𝜇𝑡 as the proportionality “factor”. 

3.3.2 U-momentum equation  

Similarly, the equations 3.2, 3.3 and 3.4 represent the turbulent momentum equations [43]:  
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𝜕(𝜌𝑈2)

𝜕𝑡
+

𝜕

𝜕𝑥
(𝜌𝑈2 − 𝜇𝑒

𝜕𝑈

𝜕𝑥
) +

𝜕

𝜕𝑥
(𝜌𝑈𝑉 − 𝜇𝑒

𝜕𝑈

𝜕𝑥
) = −

𝜕𝑃

𝜕𝑥
+ 𝜌𝑔𝑥   (3.2) 

3.3.3 V-Momentum equation is given by 

 

𝜕(𝜌𝑉)

𝜕𝑡
+

𝜕

𝜕𝑥
(𝜌𝑈𝑉 − 𝜇𝑒

𝜕𝑉

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝜌𝑉2 − 𝜇𝑒

𝜕𝑉

𝜕𝑦
) = −

𝜕𝑃

𝜕𝑦
−

𝜕

𝜕𝑧
(𝜌𝑉𝑊 −

𝜇𝑒
𝜕𝑉

𝜕𝑧
) + 𝜌𝑔𝑦                                                                                                              (3.3)    

3.3.4 W-Momentum equation is given by 

 

𝜕(𝜌𝑊)

𝜕𝑡
+

𝜕

𝜕𝑥
(𝜌𝑈𝑊 − 𝜇𝑒

𝜕𝑊

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝜌𝑉𝑊 − 𝜇𝑒

𝜕𝑊

𝜕𝑦
) = −

𝜕𝑃

𝜕𝑦
−

𝜕

𝜕𝑧
(𝜌𝑊2 − 𝜇𝑒

𝜕𝑊

𝜕𝑧
) + 𝜌𝑔𝑧                                                                                   (3.4)                                

where, ρ is the density of the fluid, P is the pressure, and τ is the viscous stress. 

3.3.5 Energy Balance equation  

Supercritical fluid properties vary dramatically as a function of temperature in the vicinity 

of the pseudo-critical temperature. These sharp variations can give rise to numerical 

instabilities that make convergence difficult [43]. 

      𝜌
𝐷𝐸

𝐷𝑡
= −𝑑𝑖𝑣(𝑃𝑈) +  [

𝜕(𝑈𝜏𝑥𝑥)

𝜕𝑥
+

𝜕(𝑈𝜏𝑦𝑥)

𝜕𝑦
+

𝜕(𝑈𝜏𝑧𝑥)

𝜕𝑧
+

𝜕(𝑉𝜏𝑥𝑦)

𝜕𝑥
+

𝜕(𝑉𝜏𝑦𝑦)

𝜕𝑦
+

      
𝜕(𝑉𝜏𝑧𝑦)

𝜕𝑧
+

𝜕(𝑊𝜏𝑧𝑥)

𝜕𝑥
+

𝜕(𝑊𝜏𝑧𝑦)

𝜕𝑦
+

𝜕(𝑊𝜏𝑧𝑧)

𝜕𝑧
] + 𝑑𝑖𝑣(𝑘𝑔𝑟𝑎𝑑𝑇) + 𝑆𝐸                  (3.5) 
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3.4 Turbulence Modelling  

Computational modelling plays a vital role in improving the understanding of the physics 

of convective heat transfer to fluids at supercritical pressures and assist with the 

development of correlation for engineering application. Reynold’s-Averaged Navier-

Stokes (RANS) approach which uses time average quantities and has the advantage to 

shorten computing time was used. The two types of turbulence models used in this work 

were the κ-ε and the κ-ω turbulence models. The ε is the energy dissipation rate of κ, while 

the ω is the specific heat dissipation rate by Wilcox in 1998 [44, 45]. 

Four turbulence models were selected  and tested for this study to predict the heat transfer 

flow performance in the one-eighth FA and any occurrence of HTD and HTE, namely; κ-

epsilon Abe-Kondoh-Nagano turbulence model (AKN), standard low-Reynolds turbulence 

model, κ-ω Shear-Stress Transport turbulence model (SST) and the Standard Wilcox -

omega turbulence model with the basic transport equations of the four different turbulence 

models, their terms as well as their constants are discussed below:  

3.4.1 Standard low-Reynolds κ-ε turbulence model 

This model has identical coefficients to the Standard κ-ε model, but provides more damping 

functions. These functions are applicable in the viscous-affected regions near walls. It 

includes transport equation for turbulent kinetic energy and its dissipation rate ε. The 

transport equations are suggested by Durbin [46] with the coefficients suggested by Jones 

and Launder [47]. Some additional terms have been added to the model in STAR-CCM+ 

to account for effects such as buoyancy and compressibility. 

Turbulence Equation for standard low-Reynolds turbulence model  
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 The 𝜅 term for standard low-Reynolds is given by equation 3.6: 

∫
𝑣

𝜕𝜌𝜅

𝜕𝑡
[𝐺𝑘 − 𝐺𝑏 + 𝜌(𝜀 − 𝜀0)𝛾𝑀 − 𝑆𝜅]𝑑𝑉 = ∫

𝑣
[(𝜇 +

𝜇𝑡

𝜇𝜅
) ∇𝜅 −

𝜌𝜅(𝑣 − 𝑣𝑔)] 𝑑𝑎                                                                                             (3.6) 

Where 𝑆𝜅, 𝜇𝜅, v, ρ, 𝑣𝑔, ε, 𝜀0, μ¸ 𝜇𝑡, 𝜅 are source term, velocity, turbulent kinetic energy, 

density, velocity of gas, rate of dissipation of  𝜅, ambient turbulence value, viscosity, 

turbulent viscosity, kinetic energy respectively. The following terms 𝐺𝑏,𝐺𝑘, da, dV are 

production term,   kinetic energy production term, change in area,  change in volume 

respectively. 

 The ε term for standard low-Reynolds is given by equation 3.7: 

∫
𝑣

𝜕𝜌𝜅

𝜕𝑡
−

1

𝑇
[𝐶𝜀1

(𝐺𝑘 − 𝐺𝑛1
− 𝐺′ − 𝐶𝜀3

𝐺𝑏) + 𝐶𝜀2
𝑓2𝜌(𝜀 − 𝜀0) − 𝑝𝑌 −

𝑆𝜅]𝑑𝑉 = ∫
𝑣

[(𝜇 +
𝜇𝑡

𝜎𝜅
) ∇𝜌𝜀 − 𝜌(𝑣 − 𝑣𝑔)] 𝑑𝑎                                                    (3.7) 

𝑆𝜅 and 𝑆𝜀 are the user-specified source term, 𝜀0  is the ambient turbulence value in the 

source term that counteract turbulence decay and 𝐺′ is an additional term, while, 𝑓1, 𝑓2 and 

𝑓3 are damping functions. 

𝐺 = 𝐷𝑓2 (𝐺𝑘 + 2𝜇
𝑘

𝑦2
exp (−𝐸𝑅𝑒𝑦

2)) ; 𝑓2 = 1 − 𝐶𝑒𝑥𝑝𝑅𝑒𝑇
2 , 𝑅𝑒𝑦 = √

𝑘𝑦

𝑣
, 𝑅𝑒𝑡

=
𝑘2

𝜀𝑣
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3.4.2 Abe-Kondoh-Nagano (AKN) κ-ε Turbulence Model 

The AKN model [55] works well for wide range of complex flows. It has different 

coefficients than standard low-Reynolds model and uses different damping functions than 

standard low-Reynolds number. This model is a good choice for applications such as 

compact heat exchangers, where the Reynolds numbers are low but the flow is relatively 

complex. 

3.4.3.1 Turbulence Equation for AKN Turbulence Model  

 The 𝜅 term for AKN is given by equation 3.8: 

∫
𝑣

𝜕𝜌𝜅

𝜕𝑡
[𝐺𝑘 − 𝐺𝑏 + 𝜌(𝜀 − 𝜀0)𝛾𝑀 − 𝑆𝜅]𝑑𝑉 = ∫

𝑣
[(𝜇 +

𝜇𝑡

𝜎𝜅
) ∇𝜅 − 𝜌𝜅(𝑣 −

𝑣𝑔)] 𝑑𝑎                                                                                                   (3.8) 

 The ε term for AKN is given by equation 3.9: 

∫
𝑣

𝜕𝜌𝜀

𝜕𝑡
−

1

𝑇

𝜀

𝑘
[𝐶𝜀1

(𝐺𝑘 − 𝐶𝜀𝐺𝑏) + 𝐶𝜀2
− 𝜌(𝜀 − 𝜀0) − 𝑝𝑌𝑦 −

𝑆𝜀]𝑑𝑉 = ∫
𝐴

[(𝜇 +
𝜇𝑡

𝜎𝑘
) ∇𝑘 − 𝜌𝑘(𝑣 − 𝑣𝑔)]                                    (3.9) 

Where 𝑆𝑘 and 𝑆𝜀 are user-specified source term , 𝜀0is the ambient turbulence value in 

source terms that counteract turbulence decay and 𝑓2is a damping function and is given by  

𝑓2 = [1 − 𝑒𝑥𝑝 (
−𝑅𝑒𝜀

3.1
)]

2

{1 − 0.3𝑒𝑥𝑝 [− (
𝑅𝑒𝑡

6.5
)

2

]} , 𝑅𝑒𝑡 =
(𝑣𝜀)

1
4⁄

𝑣
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3.4.3 Shear-Stress Transport (SST) κ-ω Turbulence Model 

The Shear-Stress-Transport (SST) κ-ω model developed by Menter [48], was designed to 

produce the best satisfying behavior of the κ-ω model formulated by Wilcox. In the same 

vein sensitivity problem has also been addressed. Basically, the original κ-ω is utilized by 

Menter’s model in the “near wall region” (sub and log layer) and steadily shifts to the 

standard κ-ε model in the “fully turbulent” region far away from the wall. The blending 

function is used to facilitate this switch. The transport equations for the SST κ-ω turbulence 

model are presented in the following subsections. 

3.4.3.1 Turbulence Equation for SST Turbulence Model 

 The κ term in the SST model is given by equation 3.10: 

∫
𝑣

[
𝜕𝜌𝜅−

𝜕𝑡
− 𝛾𝑒𝑓𝑓𝐺𝜅 + 𝑌𝑃𝛽∗𝑓𝛽∗(𝜔𝜅 − 𝜔0𝑘0) − 𝑆𝜅 − 𝜌𝜔] 𝑑𝑉 =

∫
𝐴

[(𝜇 +
𝜇𝑡

𝜎𝜅
) 𝜌𝜅(𝑣 − 𝑣𝑔)] 𝑑𝑎                                                                               (3.10)           

 The 𝜔 term for SST model is given by equation 3.11: 

∫
𝑣

[
𝜕𝜌𝜔

𝜕𝑡
− 𝐺𝑤 + 𝜌𝛽𝐹𝛽(𝜔2 − 𝜔0

2) − 𝐷𝑤 − 𝑆𝑤] 𝑑𝑉 = ∫
𝐴[(𝜇 +

𝜎𝜔𝜇𝑡) − 𝜌𝜔(𝑣 − 𝑣𝑔)]𝑑𝑎                                                                                                  (3.11) 

where 𝑆𝜅 and 𝑆𝑤 are the user-specified source term, 𝑘0 and 𝜔0 are the ambient turbulence 

source terms that counteract turbulence decay, 𝛾𝑒𝑓𝑓 is the intimacy provided by the 

Gamma, Re Theta Transitional model  𝛾 = 𝑚𝑖𝑛[max( 𝛾𝑒𝑓𝑓, 0.1), 1],  𝐷𝜔= cross-derivation 

term. 
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3.4.3 Standard Wilcox Turbulence Model 

Wilcox has revised his original model twice in 1998 and 2008, to address the perceived 

deficiencies that the original version (1988) had. 

The revisions made include the following: 

 A set of revised coefficients of the model 

 Two corrections to account for sensitivity to free-stream / inlet conditions both were 

based on products of ∆𝜅 and ∆𝜔. The first model introduced in 1998 is a 

modification of the turbulent kinetic energy equation. The most recent revision [49] 

is the introduction of cross-diffusion term that is similar to that used in the SST  

 A correction to improve the free shear-stress-flow spreading rates of the model 

 A compressibility correction 

 Low-Reynolds number corrections that allow the K-Omega model to be better 

applied in the prediction of low-Reynolds number or transitional flows 

3.4.3.1 Basic Standard K-Omega Model Transport Equations 

The transport equations for the standard K-Omega model are: 

 The κ term in the SST model is given by equation 3.12, 
 

 
𝑑

𝑑𝑡
∫

𝑉
𝜌𝜅𝑑𝑉 + ∫

𝐴
𝜌𝜅(𝑣 − 𝑣𝑔) ∙ 𝑑𝒂 = ∫

𝐴
(𝜇 + 𝜎𝑘𝜇𝑡)∇𝜅 ∙ 𝑑𝒂 + ∫

𝑉[𝐺𝜅 −

𝜌𝛽∗𝑓𝛽∗(𝜔𝜅 − 𝜔0𝑘0) + 𝑆𝜅]𝑑𝑉                                                                                             (3.12) 

The ω term in the SST model is given by equation 3.13, 
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𝑑

𝑑𝑡
∫

𝑉
𝜌𝜔𝑑𝑉 + ∫

𝐴
𝜌𝜔(𝒗 − 𝒗𝑔) ∙ 𝑑𝒂 = ∫

𝐴
(𝜇 + 𝜎𝜔𝜇𝑡)∇𝜔 ∙ 𝑑𝒂 + ∫

𝑉[𝐺𝜔 −

𝜌𝛽𝐹𝛽(𝜔2 − 𝜔0
2) + 𝑆𝜔]𝑑𝑉                                                                                                           (3.13) 

Where 𝑆𝑘 and 𝑆𝜔 are the user-specified source terms. 𝑘0 and 𝜔0 are the ambient 

turbulence values in source terms that counteract turbulence decay. 

3.4.3.2 Model Coefficients 

Without the low-Reynolds number modifications, the coefficients defining the model 

have the following values: 

 

Model constants are given as; 

                           Turbulence model constants for κ-ε –models  

Model 𝑪𝝁 𝑪𝜺𝟏
 𝑪𝜺𝟐

 𝝈𝜿 𝝈𝜺 

AKN 0.09 1.5 1.9 1.4 1.4 

V2F 0.09 1.4 1.9 1 1.3 

Standard low-Re 0.09 1.44 1.92 1 1.3 

𝐶𝜀3
 depends on the literature reference and is meant to be used only with Pb term.  

3.5 Heat transfer coefficient in STAR CCM+ code 

The STAR CCM+ provides two methods of computing the heat transfer coefficients, using 

the correlation and the field function. In using a field function, heat transfer coefficient 

method allows h to be specified directly with a scalar field function f (equation 3.14). 
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h = f                                                         (3.14) 

The heat transfer correlation expression that comes with STAR CCM+ code is the Ranz 

Marshall correlation supplied by a field function. It is activated only when the continuous 

phase is viscous [50]. The correlation is formulated and expressed as presented by equation 

(3.15): 

𝑁𝑢𝑝 = 2(1 + 0.3𝑅𝑒𝑝
1 2⁄

 𝑃𝑟1/3)                                          (3.15) 

Where Rep ≃ 5000 and Pr is Prandtl number of the continuous phase. 

The heat transfer coefficient in STAR CCM+ is computed using Nusselt number from the 

Ranz Marshall correlation: 

𝑁𝑢𝑝 =
ℎ 𝐷𝑝

𝑘
                                                               (3.16) 

Or expressed as shown in equation (3.16) by making h as the subject of the formula: 

ℎ =
𝑁𝑢𝑝 𝑘 

𝐷𝑝
                                                                 (3.17) 

where 𝐷𝑝 is hydraulic diameter, k is the thermal conductivity of continuous phase, h is the 

heat transfer coefficient and 𝑁𝑢𝑝 is the Nusselt number and is computed using the Ranz 

Marshall correlation [50]. 

3.6 Heat Transfer Correlation Assessment 

Twelve different heat transfer correlations were considered and implemented in this work. 

This was to analyze their effects on the prediction of wall temperature in the proposed fuel 
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assembly using STAR-CCM+ computer code. The heat transfer correlations applied in this 

study are shown in Tables 3.6, 3.7 and 3.8. 

Heat transfer correlations can be categorized into three types for supercritical fluids. The 

first category which performs well in the prediction of heat transfer in single phase fluids 

at subcritical conditions and is derived from the expression based on the Dittus and Boelter 

correlation [51]. For the second category, a frictional factor has been added to the 

developed correlation equations for heat transfer in supercritical fluids that have been 

developed by Russian researchers. Most of the heat transfer correlations in the last category 

have been developed in recent years based on the “mechanisms of heat transfer at 

supercritical pressures”. With a view to increasing an in-depth knowledge on the 

mechanisms of heat transfer enhancement and deterioration phenomena, some researchers 

[52, 53, 54] have deduced that buoyancy and thermal acceleration plays dominant and 

significant roles in the prediction of wall temperatures. The HTC in the supercritical water 

must be addressed prior to, and during the formulation and development of new empirical 

correlations. 

As can be seen in the tables below (Table 3.6, Table 3.7 and Table 3.8), amid the 12 

selected heat transfer correlations, only the Dyadyakin and Popov correlation [55] was 

developed for rod bundle while the remaining 11 correlations were principally proposed 

and recommended for tubes. In this analysis, 12 correlations were implemented and their 

prediction capabilities of heat transfer for supercritical water based on the wall 

temperatures and heat transfer coefficients assessed in the proposed fuel assembly. For the 

applicability range of the twelve selected heat transfer correlations are presented in 

Appendix B. 
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Table 3.6: Heat transfer correlations derived from Dittus-Boelter equation. 

References Correlations Flow Geometry 

Dittus and 

Boelter 

[51] 

𝑁𝑢𝑏 = 0.023𝑅𝑒𝑏
0.8𝑃𝑟𝑏

0.4 Tubes 

Griem [56] 𝑁𝑢𝑏 = 0.0169𝑅𝑒𝑏
0.8356𝑃𝑟𝑏

0.432 Tubes 

Shitsman 

[57] 

𝑁𝑢𝑏 = 0.023𝑅𝑒𝑏
0.8𝑃𝑟𝑚𝑖𝑛

0.8  

 
Tubes (D = 7.8, 8.2 mm) 

Bishop et al. 

[40] 
𝑁𝑢𝑏 = 0.0069𝑅𝑒𝑏

0.9𝑃𝑟̅̅
𝑏̅
0.66 (

𝜌𝑤

𝜌𝑏

)
𝑥

0.43

(1 + 2.4
𝐷ℎ𝑦

𝑥
) Tubes (D = 2.5, 5.1 mm) 

McAdams 

et al. [58] 
𝑁𝑢𝑏 = 0.023𝑅𝑒𝑓

0.8𝑃𝑟𝑓 
0.33 (1 + 2.3

𝐷ℎ𝑦

𝑙
)  Tubes 

Ornatsky 

et al. [59] 
𝑁𝑢𝑏 = 0.023𝑅𝑒𝑏

0.8𝑃𝑟𝑚𝑖𝑛
0.8 (

𝜌𝑏

𝜌𝑤

)
0.3

 Tube (D = 3 mm) 

Dyadyakin and 

Popov [55] 
𝑁𝑢𝑏 = 0.021𝑅𝑒𝑏

0.8𝑃𝑟̅̅
𝑏̅
0.7 (

𝜌𝑤

𝜌𝑏

)
𝑥

0.45

(
𝜇𝑏

𝜇𝑖𝑛

)
0.2

(
𝜌𝑏

𝜌𝑖𝑛

)
0.1

(1 + 2.5
𝐷ℎ𝑦

𝑥
) 

Bundles (Dhy = 2.15–2.77 

mm) 

Mokry et al. 

[12] 
𝑁𝑢𝑏 = 0.0061𝑅𝑒𝑏

0.904𝑃𝑟̅̅
𝑏̅
0.684 (

𝜌𝑏

𝜌𝑤

)
0.564

 Tube (D = 10 mm) 

Gupta et al. 

[60] 

𝑁𝑢𝑏 = 0.0061𝑅𝑒𝑤
0.94𝑃𝑟̅̅

𝑤̅
0.76 (

𝜇𝑤

𝜇𝑏

)
0.4

(
𝜌𝑏

𝜌𝑤

)
0.16

 

 

Tube (D = 10 mm) 
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Table 3.7: Heat transfer correlations with frictional factor incorporated. 

References Correlation Flow Geometry 

Petukhov et al. 

[61] 

𝑆𝑡 =
𝑁𝑢

𝑅𝑒 ∙ 𝑃𝑟
 =

(𝜉 8⁄ )

12.7√(𝜉 8⁄ )(𝑃𝑟̅̅ ̅
𝑏
2 3⁄

− 1) + 1 + 900
𝑅𝑒

, 

𝑤ℎ𝑒𝑟𝑒  𝜉 =
1

(1.82𝑙𝑜𝑔𝑅𝑒𝑏 − 1.64)2
(

𝜌𝑤

𝜌𝑏

)
0.4

(
𝜇𝑤

𝜇𝑏

)
0.2

 

Tubes, upwards, 

downwards and 

horizontal  (D= 8 

mm, L= 1.67 m) 

Krasnoshchekov-

Protopopov 

[62] 

𝑁𝑢𝑏 = 𝑁𝑢𝑜  (
𝜇𝑏

𝜇𝑤

)
0.11

(
𝜆𝑏

𝜆𝑤

)
0.3

(
𝐶𝑝̅

𝐶𝑝𝑏

)

0.35

 

𝑁𝑢𝑜 =
(𝜉 8⁄ )𝑅𝑒𝑏𝑃𝑟̅̅ ̅

12.7√(𝜉 8⁄ )(𝑃𝑟̅̅ ̅
𝑏
2 3⁄

− 1) + 1.07
, 𝑤ℎ𝑒𝑟𝑒 

𝜉 = (1.82𝑙𝑜𝑔𝑅𝑒𝑏 − 1.64)2 

Tubes 

(D = 1.6–20 mm) 

 

Table 3.8: Heat transfer correlations taking into account buoyancy and 

thermal acceleration. 

References Correlation Flow Geometry 

Cheng et al. 

[52] 

𝑁𝑢𝑏 = 0.023𝑅𝑒𝑏
0.8𝑃𝑟𝑏

0.33𝐹, 𝑤ℎ𝑒𝑟𝑒 

𝐹 = min( 𝐹1, 𝐹2),      𝐹1 = 0.85 + 0.766(𝜋𝐴 ∙ 103)2.4 

𝐹2 =
0.48

(𝜋𝐴𝑝𝑐
∙ 103)

1.55

 
+ 1.21(1 −

𝜋𝐴

𝜋𝐴𝑝𝑐

 𝑎𝑛𝑑 𝜋𝐴 =
𝛽𝑏𝑞

𝐺𝐶𝑝

 

 

Tubes (D = 10, 

20 mm) 

Chen and 

Fang [63] 

𝑁𝑢𝑏 = 0.46𝑅𝑒𝑏
0.16  (

𝑃𝑟𝑤

𝑃𝑟𝑏

)
0.1

(
𝜈𝑤

𝜈𝑏

)
−0.55

(
𝐶̅𝑝

𝐶𝑝
𝑏

)

0.88

(
𝐺𝑟𝑏

∗

𝐺𝑟

)
0.81

 

 

Tubes (D = 6–26 mm) 
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CHAPTER FOUR : RESULTS AND DISCUSSION 

This chapter presents the simulation results and discussions of the performance of heat 

transfer in the proposed 1/8th fuel assembly based on the assessment of the four selected 

turbulence models (presented in Table 3.2), twelve heat transfer correlations (presented in 

Table 3.6 Table 3.8) compared with Wataa’s numerical data [17] and the parametric 

analysis based on the influence of parameters such as  mass flow rate, pressure and gravity. 

4.1 Convergence Criteria 

To ascertain that the simulations have converged, both the residuals and bundle average 

outlet temperature monitor were used as illustrated in Figure 4.1 and Figure 4.2 

respectively. The simulations were run until convergence by monitoring residual plots to 

achieve a stabilised value over an acceptable continuous period. A typical converged 

simulation is illustrated in the Figure 4.1.  

 

Figure 4.1: Residual Plot of a Converged Simulation 

NB: Sdr is specific dissipation rate and Tke is turbulent kinetic energy monitors 
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Figure 4.2: Sub-channel Outlet temperature monitor of the 1/8th FA 

Results obtained in the following subsections depicts the performance of the four 

turbulence models, assessment of the heat transfer correlations and the parametric sub-

channel analysis. The system pressure was set at 25 MPa and 23 MPa for parametric 

analysis. The mass flow rates were set at 0.1670 kg/s (601.2 kg/h) and 0.1599 kg/s (561.2 

kg/h), inlet sub-channels’ temperature of 300 °C, 650 kW/m2 as heat flux and mass fluxes 

depicted in Table 4.1. 

Table 4.1: Mass fluxes for nine individual sub-channels 

Sub-channel 

Label 
1 2 3 4 5 6 7 8 9 

G0 (kgm2s) 790.5 1003.2 894.3 1003.2 790.5 790.5 997.5 790.5 510.7 

 

4.2 Turbulence Model Prediction Analysis 

The governing equations were numerically solved using a STAR CCM+ CFD solver. 

Several turbulence models (Standard (Wilcox) and SST (Menter’s) κ-ω Models, Low-Re 
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(Liens) κ-ɛ and AKN κ-ɛ) with low-y+ wall treatment have been studied for the heat 

transfer performance and the prediction of temperatures in the sub-channels. The results of 

the simulations have been compared with Wataa’s numerical data. It was found that the 

standard (Wilcox) and SST κ-ω Models (with low-y+ wall treatment) were to an extent 

able to capture qualitative trends of the sub-channel coolant temperature results observed 

in the Wataa data. The Low-Re (Lien)-κ-ɛ Model (with low-y+ wall treatment) provided 

the least prediction results in all the nine sub-channels modelled. 

The working pressure for the FA was set at 25 MPa, inlet temperature at 300 °C, and the 

mass flow rate and heat flux at 0.167 kg /s (601.2 kg/h) and 650 kW/m2 respectively. Figure 

4.3, shows the sub-channel wall and coolant (fluid center-line) temperatures distribution 

predicted by four different turbulence models against Wataa’s data. 

4.3 Comparison of obtained numerical results with Wataa’s numerical data 

 

                     Figure 4.3: Temperature profiles in SC 1 of a square 2.1 fuel assembly 
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 It was observed that the κ-ω SST (Menter’s) and κ-ω STD (Wilcox) turbulence models 

were in agreement with each other and gave similar temperature values for both the wall 

and coolant. However, as it can been seen in Figure 4.3, the two κ-ω models closely 

captured the temperature trend in SC (1) obtained by Wataa. The Lien's standard Lo-Re κ-

ε turbulence model under predicted the coolant temperature distribution along the active 

height. It was also observed that the coolant temperature trend predicted by Lien’s κ-ε 

model was below the pseudo-critical temperature in SC (1) except towards the outlet of the 

sub-channel where temperature reached the pseudo-critical temperature. A similar trend 

was observed as well, in sub-channels 2 to 9 (See Figure 4.4 to Figure 4.11).  

In a case of the wall temperatures, it was observed that the wall temperatures predicted by 

all the four turbulence models was below that of Wataa’s numerical data (in all the three 

heat transfer regions), in the Normal Heat Transfer (NHT) region the Lien’s wall 

temperature was far below the Wataa’s temperature while that of the Wilcox and SST κ-ω 

models was slightly close to the Wataa’s in sub-channels 1 and 2 as displayed in Figure 

4.3. In the enhanced heat transfer region, the wall temperature trends predicted by the three 

turbulence models (AKN, SST and Wilcox κ–ω) were closer to that of Wataa’s data 

between 1.2 m and 2 m. In addition, the AKN wall temperature flattened in the NHT region 

up to the outlet of the sub-channel. Deteriorated heat transfer region was only observed for 

the two κ-ω turbulence models (Menter’s SST and standard Wilcox), similarly the 

predicted temperatures by the two turbulence models was below that of Wataa’s data. 
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Figure 4.4: Temperature profiles in SC 2 of a square 2.1 fuel assembly 

Figure 4.4 to Figure 4.11 (SC 2 to SC 9), similarly presents the coolant temperature and 

wall temperature distributions of each individual sub-channel predicted by four different 

turbulence models. For the coolant temperature trends, the sub-channel coolant (fluid 

centre-line) temperature increases from the sub-channel inlet up to the sub-channel outlet 

as observed in all the sub-channels. The  pseudocritical temperature for the three (3) 

turbulence models namely κ-ω SST, standard Wilcox κ-ω and AKN) was reached at 1.7 m 

in sub-channels 1 to 8, except in sub-channel 9 where it was first reached at 1.05 m (see 

Figure 4.11) by the two κ-ω models. The pseudocritical temperature for AKN turbulence 

model prediction also occurred at 1.7m.   
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Figure 4.5: Temperature profiles in SC 3 of a square 2.1 fuel assembly 

It was observed that, the trends and values of the wall and coolant temperatures predicted 

by κ-ω SST (Menter’s) and standard (Wilcox) κ-ω turbulence models were nearly the same 

in all the sub-channels except in sub-channels 8 and 9 where the wall temperatures 

predicted by κ-ω SST were larger than that of the standard (Wilcox) κ-ω in the deteriorated 

heat transfer region (Figure 4.10 and Figure 4.11). Similarly, the coolant temperatures 

predicted by κ-ω SST were larger than that of the standard Wilcox κ-ω above the pseudo-

critical region. This significant observation made, can be due to the simple form of κ-ω 

model which makes it to be superior to others (κ-ε models) especially with regard to 

numerical stability. In addition, κ-ω solves specific dissipation rate equation and also does 

not involve damping functions as compared to the κ-ε model.  
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          Figure 4.6: Temperature profiles in SC 4 of a square 2.1 fuel assembly 

 

Figure 4.7: Temperature profiles in SC 5 of a square 2.1 fuel assembly 

Furthermore, it was observed that AKN κ-ε and Lien's Lo-Re κ-ε turbulence models under 
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Accordingly, the coolant flow temperatures in sub-channels (4) and (7) predicted by the 

two κ-ω turbulence models (SST and standard Wilcox) were slightly below that of Wataa, 

especially in the upper part along the active height of the sub-channels (above pseudo-

critical region) as illustrated in Figure 4.6 and Figure 4.9 respectively. However, the two 

κ-ω models closely captured the temperature trends obtained by Wataa in sub-channels 3, 

5 and 6, as presented in Figure 4.5, Figure 4.7 and Figure 4.8 respectively. A similar trend 

was observed in sub-channel 8 (Figure 4.10). 

 On the other hand, the two κ-ε models especially the Lien under predicted the temperature 

trends obtained by Wataa, as displayed from Figure 4.3 to Figure 4.11. It was also observed 

that the Lien’s κ-ε turbulence model did not yield favorable prediction results, this is due 

to the fact that the same temperature values in all the nine sub-channels were obtained (see 

Appendix F 3). 

 

Figure 4.8: Temperature profiles in SC 6 of a square 2.1 fuel assembly 
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Figure 4.9: Temperature profiles in SC 7 of a square 2.1 fuel assembly 

 

Figure 4.10: Temperature profiles in SC 8 of a square 2.1 fuel assembly 
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Figure 4.11: Temperature profiles in SC 9 of a square 2.1 fuel assembly 

Figure 4.11 equally shows the temperature profiles in sub-channel 9 which is located in 

corner part of the fuel assembly. Accordingly, the coolant temperature obtained by 

Standard Wilcox κ-ω model closely predicted Wataa’s coolant temperature from the 

entrance of the sub-channel to about 3.78 m (below, in and above the pseudo-critical 

regions). A similar trend was observed for the κ-ω SST only up to 2.1 m. However, there 

was a coolant temperature spread of 60 °C  and 88 °C in sub-channel 9 for the Standard 

Wilcox κ-ω and κ-ω SST respectively (See also Appendix F 6 and 8), this was due to a low 

mass flux in sub-channel 9. 

With a case of wall temperature, trends of wall temperatures were produced by the four 

turbulence models for NHT, HTE (Heat Transfer Enhancement ) and HTD (Heat Transfer 

Deterioration) regions in sub-channel 1, trends were nearly obtained in sub-channels 2 to 
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300

350

400

450

500

550

600

650

0 1 2 3 4

Te
m

pe
ra

tu
re

 ˚C

Axial  active height (m)

Tcol_Wataa
Tcol_Wilcox_Std_k-𝝎
Tcol_Menter_SST_k-𝝎
Tcol_Lien's Low-Re
Tcol_AKN Low-Re
Tw_SST_k-𝝎_SC_9
Tw_Std Wilcox
Tw_Lien's_Lo-Re
Tw_AKN Lo-Re
Tw_Wataa

SC 9

University of Ghana  http://ugspace.ug.edu.gh



  
 
 

79 

temperature obtained by the κ-ω SST were closer to the wall temperatures obtained by 

Wataa in the HTE and HTD regions. It was also observed that the temperature difference 

between the average wall temperature and the coolant (fluid centre-line) temperature was 

small in all the sub-channels (predicted by the code). This was attributed to the fact that 

the sub-channel flow area of coolant absorbing heat from the heated walls was relatively 

small, hence the small observed temperature difference. 

The following were deduced from the assessment of the turbulence models in terms of the 

predicted fluid temperatures: 

 For the two κ-ω models (SST and Standard Wilcox), the pseudo-critical temperature 

of 384.9 °C was reached at 1.7 m in SCs (1) to (8), (see Figure 4.3, Figure 4.4 

through to Figure 4.10 except in sub-channel 9 (Figure 4.10) where it was first 

reached at 1.08 m close to the entrance as compared to 1.0 m in all the 9 sub-channels 

reported by Wataa [20]. An average outlet temperature of approximately 500 °C was 

evaluated for the SST κ-ω and Standard (Wilcox) κ–ω Turbulence model.  

 For AKN κ-ε turbulence model’s temperature trends, the pseudo-critical temperature 

of 384.9 °C was reached at 1.7 m in all the nine sub-channels. Beyond 1.7 m the 

temperature trend flattened (did not exceed 386 °C) and was far below that of the 

Wataa’s prediction (see also Appendix F1). 

 In case of Lien’s Lo-Re κ-ε Turbulence Model, the predicted temperature in all nine 

sub-channels is same and equal in value. However, it was observed that the 

temperatures along the axial active length are also lower than 384.9 °C pseudo-
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critical temperature except at outlet end of the sub-channels (see  also Appendix F 

3). 

From the assessment results of the turbulence models obtained, it can be inferred that the 

most suitable turbulence models capturing the coolant temperature obtained by Wataa in 

this analysis were found to be κ-ω SST (Menter’s) and standard (Wilcox) κ-ω.  

Nevertheless, SST κ-ω (Menter’s) turbulence model was selected due to its widely usage 

and recommendations given by several researchers [42, 54, 64] who have carried out 

analysis on heat transfer behaviour at supercritical conditions in SCWRs. Hence, the SST 

κ-ω (Menter’s) turbulence model with a low y+ wall treatment was used to carry out the 

numerical simulations in this work. Using the selected SST κ-ω (Menter’s), the temperature 

profiles in all the sub-channels were visualized at 0.25 m, 2 m and 4 m as illustrated in 

appendix E check the hottest and coldest sub-channels. In addition the density variation 

was also evaluated along the active height (see appendix D). 

4.4 Assessment of heat transfer correlations 

Numerical data and SST κ-ω turbulence model were used to analyze the effect of the heat 

transfer correlations on the wall temperature prediction of HPLWRs 1/8th fuel assembly. 

The operating pressure was 25 MPa, inlet temperature of 300 °C, 0.1670 kg/s (601.2 kg/h) 

as mass flow rate, a uniform heat flux of 650 kW/m2 for the FA. The red and dark blue 

dotted lines on the wall temperature graphs are fluid centre-line (coolant) temperatures. 

Figure 4.12 through to Figure 4.28 show the comparisons of  average  wall temperatures  

and heat transfer coefficients predicted and computed (in each individual sub-channel) by 

the twelve (12) different heat transfer correlations namely Bishop [40], Mokry [12], Cheng 
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et al. [52], Dyadyakin and Popov [55], Onatsky [59], Shitsman [32], Dittus Boelter [51], 

McAdams [58], Griem [56], Kranoshchekov and Protopopov [62], Gupta [60] and 

Petukhov [61] with  Wataa’s numerical data of wall temperatures and heat transfer 

coefficients (HTCs ).  

It should be noted that the average wall temperatures and heat transfer coefficients obtained 

by Wataa were computed using the Bishop Heat transfer correlation [40] based on the 

Dittus Boelter equation [51] (as shown in Figure 2.23 chapter 2).  

 

Figure 4.12: Simulation results for selected heat transfer correlations 

showing the wall temperature profiles in SC 1 

Figure 4.12 and Figure 4.13 show comparisons of the wall temperatures and HTCs 

computed using the twelve selected correlations with that of Wataa’s data respectively. In 
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transfer region, most of the correlations closely captured the temperature obtained by 

Wataa except the Cheng et al., McAdams and Petukhov which slightly overestimated the 

Wataa’s wall temperature. 

 

Figure 4.13: Simulation results for selected heat transfer correlations 

showing the HTC profiles in SC (1) 

In the deteriorated heat transfer region the Cheng et al. correlation followed by the 

McAdams and Dyadyakin and Popov correlations captured closely the Wataa’s wall 

temperature, from 1.7 m to about 3.8 m, except towards the outlet of the sub-channel where 

wall temperatures obtained by 12 correlations were more than that of Wataa’s (Figure 

4.12). On the other hand, the Gupta correlation under estimated the wall temperature 

obtained by Wataa, this was followed by the Shitsman and Onatsky correlations in the HTD 

region.  

 In the case of HTCs (Figure 4.13), most of the correlations closely captured the HTC 

computed by Wataa at the entrance part of the sub-channel.  However, there was a shift in 
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the location of the maximum peaks (between 1.68 m and 2m) for the twelve correlation 

compared to the HTC computed by Wataa (1.3 m) along the active length of the sub-

channel.  Beyond 2 m, the Cheng et al. closely captured the Wataa HTC,   followed by the 

McAdams, Dittus Boelter, Griem and Dyadyakin and Popov correlations. The Gupta 

correlation over-estimated the HTC as observed in Figure 4.13. 

The following set of graphical results presents the rest of comparisons of the wall 

temperature profiles computed by the 12 selected correlations with the wall temperatures 

obtained Wataa in sub-channels 2 to 9, thus from Figure 4.14 to Figure 4.21. 

 Figure 4.22 to Figure 4.29 presents also the rest of the comparisons of HTC profiles 

computed using the 12 selected heat transfer correlations with that of Wataa’s in sub-

channels 2 to 9. 

 

Figure 4.14: Simulation results for selected heat transfer correlations 

showing the wall temperature profiles in SC 2 
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Accordingly, it was observed that in all the 9 sub-channels analyzed, the wall temperatures 

computed by the Cheng et al. correlation [52] consistently and closely captured Wataa’s 

obtained wall temperature in the HTD region from 2.0 m to about 3.8 m along the active 

length. In sub-channel 2 the Cheng et al. correlation was followed by the Dyadyakin and 

Popov, McAdam’s and Petukhov correlations (Figure 4.14). A similar trend of the 

estimation of the wall temperatures obtained by Waata by the correlations was also 

observed in sub-channel 4, however towards the outlet of the sub-channel only the wall 

temperatures computed by the Cheng et al. and Dyadyakin and Popov correlations were 

above that of Wataa’s in both sub-channel 2 and 4 (Figure 4.14 and Figure 4.16).  

 

Figure 4.15: Simulation results for selected heat transfer correlations 

showing the wall temperature profiles in SC 3 
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channel 5 (HTE region), the Petukhov and Cheng correlation slightly overestimated the 

wall temperature obtained by Wataa. Similarly, in sub-channel 6 (HTE region) the Gupta 

correlation overestimated the wall temperature obtained by Wataa from 1 m to 2.5 m, but 

under-estimated it in the HTD region (Figure 4.18).   

The Gupta, Shitsman, Mokry, Krasnoshchekov and Protopopov correlations under-

estimated the wall temperature obtained by Wataa (in the HTD region) in sub-channels 2 

and 3. A similar trend was observed in sub-channel 4, except for the Gupta correlation 

which closely estimated the wall temperatures obtained by Wataa as shown in Figure 4.16. 

 

Figure 4.16: Simulation results for selected heat transfer correlations 

showing the wall temperature profiles in SC 4 
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Figure 4.17: Simulation results for selected heat transfer correlations 

showing the wall temperature profiles in SC (5) 

 

Figure 4.18: Simulation results for selected heat transfer correlations 

showing the wall temperature profiles in SC 6 
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Figure 4.19: Simulation results for selected heat transfer correlations 

showing the wall temperature profiles in SC 7 

 

Figure 4.20: Simulation results for selected heat transfer correlations 

showing the wall temperature profiles in SC 8 
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In sub-channels 7 and 8, as observed in the other sub-channels the Petukhov and Cheng et 

al. correlations slightly overestimated the wall temperature obtained by Wataa in the HTE 

region in sub-channel 7. In the HTD region the result of Cheng et al. correlation agreed 

with the Wataa’s data, from 1.68 m to 3.78 m in sub-channel 7 (see Figure 4.19). However, 

in sub-channel 8, both the results of Cheng et al and McAdams correlations were in 

agreement with the Wataa’s data in the HTD region (see Figure 4.20). Moreover, in the 

upper part of the sub-channel, all the wall temperatures computed by the 12 selected 

correlations in sub-channel 8 were above the wall temperature obtained by Waata. 

Nevertheless, in sub-channel 7 only the Petukhov, Cheng et al. and Dyadyakin and Popov 

were above Wataa’s wall temperature. 

 

Figure 4.21: Simulation results for selected heat transfer correlations 

showing the wall temperature profiles in SC 9 
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sub-channel 9 (HTE region), almost all the correlations captured the wall temperature trend 

obtained by Wataa, except the Gupta correlation which slightly under-estimated it. 

 Nevertheless, from the entrance of the sub-channels along the total active height the three 

heat transfer regimes namely; Normal Heat Transfer (NHT), Heat Transfer Enhancement 

(HTE) and Heat Transfer Deterioration (HTD) were observed. The normal heat transfer 

phenomenon was observed from SCs inlet up to 0.8 m near the pseudo critical point, while 

from 0.8 m to 2.1 m above pseudo-critical point HTE was observed. Beyond 2.1 m along 

the active height HTD is observed. This phenomenon was attributed to the rapid changes 

in coolant fluid thermal dynamic physical properties (such as heat capacity, viscosity, 

density, heat conductivity and enthalpy), displayed in Figure 4.12 and Figure 4.14 through 

to Figure 4.21. In effect when the wall temperature decreases, the heat transfer coefficient 

increases, a maximum value of HTC is obtained in the HTE region. Beyond the HTE region 

heat transfer coefficient tends to decrease. 

In general, it was observed that the maximum wall temperature computed slightly exceeds 

the design allowable limit of 620 °C by an average of 10 °C in SC (2) to SC (6), as captured 

from Figure 4.12, Figure 4.14 through to Figure 4.21. In sub-channels 7 and 8, the 

allowable limit temperature was exceeded by 35 °C, while in sub-channel 9 (the hottest 

SC) the deviation was more than 150 °C as observed in Figure 4.21. 

The results for the HTCs in sub-channel 2 to 9 are presented in Figure 4.22 to Figure 4.29. 

From the beginning of the heated section where the HTC increases gradually is called the 

NHT region. The region after the NHT region along the heated section where a sharp rise 

in HTC is observed is called the HTE region. The HTC increases up to its peak in the HTE 
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region. After the HTE region, the HTC decreases sharply and then gradually after reaching 

its peak value. The region along the heated section where the HTC decreases is called the 

HTD region 

 

Figure 4.22: Simulation results for selected heat transfer correlations 

showing the HTC profiles in SC (2) 

In sub-channel 2 (Figure 4.22), most of the correlations estimated closely the HTC obtained 
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compared to that of Wataa’s (1.2 m). The Cheng et al. had a lowest peak while the 
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of the Dyadyakin and Popov as well as that of Krasnoshchkov and Protopopov correlations 

was close the HTC’s peak obtained by Wataa. 

 

Figure 4.23: Simulation results for selected heat transfer correlations 

showing the HTC profiles in SC (3) 
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while the Bishop and Kranoshchekov and Protopopov correlations have the similar peak 

with the Wataa’s computed HTC result.   

 

Figure 4.24: Simulation results for selected heat transfer correlations 

showing the HTC profiles in SC (4) 

Figure 4.24 (sub-channel 4) shows a similar trend of results obtained in sub-channel 2, 

except that the Mokry had a highest peak along with Gupta and Bishop correlations.   

Figure 4.25 also shows a similar trend, except that the Cheng et al. and McAdams 

correlations showed a good agreement with Wataa’s computed HTCs at the entrance of the 

sub-channel and from 2m to 4.2 m. Similarly, only the Gupta correlation had a highest peak 

while the Bishop and Kranoshchekov and Protopopov correlations have the similar peak 

with the Wataa’s computed HTC result.   
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Figure 4.25: Simulation results for selected heat transfer correlations 

showing the HTC profiles in SC (5) 

 

Figure 4.26: Simulation results for selected heat transfer correlations 

showing the HTC profiles in SC (6) 
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In addition a similar trend of HTC results was also observed in sub-channel 6 (Figure 4.26) 

computed using the twelve different correlations and compared with the HTC result 

obtained by Wataa. The Cheng et al. and McAdams correlations in a similar way, showed 

a good agreement with HTC result obtained by Wataa at the inlet part of the sub-channel 

and from 1.8 m to 4.2 m. However, it was observed that the Gupta correlation significantly 

under estimated the HTC result obtained by Wataa.  The Shitsman had the highest peak, 

while the peak of Dyadyakin and Popov and Kranoshchekov and Protopopov correlations 

was slightly below that of the one obtained by Wataa but at different locations. The peak 

of Bishop and Mokry correlations was slightly above the one obtained by Wataa also at a 

different location.  

 

Figure 4.27: Simulation results for selected heat transfer correlations 

showing the HTC profiles in SC (7) 
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Figure 4.28: Simulation results for selected heat transfer correlations 

showing the HTC profiles in SC (8) 

 

Figure 4.29: Simulation results for selected heat transfer correlations 

showing the HTC profiles in SC (9) 
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In Figure 4.27, Figure 4.28 and Figure 4.29 the computed HTC results by twelve (12) 

different correlations are presented. In Figure 4.27, sub-channel 7 it was observed that the 

Krasnoshchekov and Proptopopov correlation closely estimated the computed HTC result 

obtained by Wataa from the entrance of sub-channel up to 1 m. On the other hand, the 

Cheng et al., Petukhov and McAdams correlation in this sub-channel closely captured the 

HTC result computed by Wataa at the entrance of the sub-channel and from 2 m to 4.2 m. 

A similar trend for the Cheng et al. and McAdams correlations was also observed in Figure 

4.28 (sub-channel 8), except that Dittus Boelter closely estimated the HTC computed by 

Wataa from 2 m to 4.2 m. Finally, in sub-channel 9 (Figure 4.29) the Gupta Correlation 

overestimated the computed HTC result by Wataa. The Dyadyakin and Popov, Bishop and 

Mokry correlations have a similar peak height with that of the one obtained by Wataa but 

at different location. Generally, almost the eleven Correlations except the Gupta closely 

predicted the computed HTC result at higher coolant temperatures above the HTD region 

(Figure 4.29). 

Additionally, there was a shift in the location of the peak for HTCs computed by the twelve 

different correlations, compared to the Wataa’s HTCs. In all the nine sub-channels except 

in SC (6) the Gupta correlation  had the highest peak (see Figure 4.26), this was followed 

by the Shitsman correlation except in SC (4)  (Figure 4.24). The maximum value of the 

HTC value was 146 kW/m2 in sub-channel 9 obtained by the Shitsman correlation. It was 

also observed that the peak location varied between 1.68 m and 2.2 m for 12 selected heat 

transfer correlations in all the individual sub-channels. 

Overall, the Cheng et al. correlation provides the most favorable estimation for the wall 

temperatures in all the sub-channels and capture closely Wataa’s Numerical data. This is 
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followed by the McAdams correlation, but the Dyadyakin and Popov and the Petukhov 

also performed well in predicting the numerical data. Dyadyakin and Popov is considered 

due to the fact that it is specifically designed for the fuel rod bundles, while the Petukhov 

correlation incorporates the friction factor. The correlations that compared favorably well 

with the results obtained by Wataa are presented in Table 4.2. 

Table 4.2: Chosen Heat Transfer Correlations for Implementation 

Reference Correlation Flow geometry 

Cheng et al. 

[52] 

𝑁𝑢𝑏 = 0.023𝑅𝑒𝑏
0.8𝑃𝑟𝑏

0.33𝐹, 𝑤ℎ𝑒𝑟𝑒 

𝐹 = min( 𝐹1, 𝐹2),      𝐹1 = 0.85 + 0.766(𝜋𝐴 ∙ 103)2.4 

𝐹2 =
0.48

(𝜋𝐴𝑝𝑐
∙ 103)

1.55

 
+ 1.21(1 −

𝜋𝐴

𝜋𝐴𝑝𝑐

 𝑎𝑛𝑑 𝜋𝐴 =
𝛽𝑏𝑞

𝐺𝐶𝑝

 

 

Tubes (D = 10, 

20 mm) 

McAdams 

et al.. [58] 
𝑁𝑢𝑏 = 0.023𝑅𝑒𝑓

0.8𝑃𝑟𝑓 
0.33 (1 + 2.3

𝐷ℎ𝑦

𝑙
) Tubes 

Dyadyakin 

and 

Popov [55] 

𝑁𝑢𝑏 = 0.021𝑅𝑒𝑏
0.8𝑃𝑟̅̅

𝑏̅
0.7 (

𝜌𝑤

𝜌𝑏

)
𝑥

0.45

(
𝜇𝑏

𝜇𝑖𝑛

)
0.2

(
𝜌𝑏

𝜌𝑖𝑛

)
0.1

(1 + 2.5
𝐷ℎ𝑦

𝑥
) 

Bundles (Dhy = 2.15–2.77 

mm) 

Petukhov et 

al. 

[61] 

𝑆𝑡 =
𝑁𝑢

𝑅𝑒 ∙ 𝑃𝑟
 =

(𝜉 8⁄ )

12.7√(𝜉 8⁄ )(𝑃𝑟̅̅ ̅
𝑏
2 3⁄

− 1) + 1 + 900
𝑅𝑒

, 

𝑤ℎ𝑒𝑟𝑒  𝜉 =
1

(1.82𝑙𝑜𝑔𝑅𝑒𝑏 − 1.64)2
(

𝜌𝑤

𝜌𝑏

)
0.4

(
𝜇𝑤

𝜇𝑏

)
0.2

 

Tubes 

 

To clarify and address the dependence of heat transfer on these effects resulting from the 

temperature difference between the wall and the core fluid, several dimensionless 

parameters have been proposed as reported by Wang et al. [65]. 
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Heat transfer coefficient prediction of SCW is challenging due to the steep and non-linear 

variations in its thermos-physical properties. Near the pseudo-critical point, the density, 

thermal conductivity and viscosity fall drastically whereas the specific heat experience a 

sharp peak. It must be noted that due to insufficient and limited data on the most reliable 

heat transfer correlation providing favorable prediction in the sub-channels, there is still no 

consistent conclusion on the best performing heat transfer correlation. This leaves room 

for improvement and modification on the best performing correlations in this analysis. 

4.5 Parametric Analysis in Sub-channels 4 and 9 using STAR CCM+ code 

Parametric trends for effects of varying the mass flow rate, operating pressure and gravity 

on the temperature distribution along the active height of the 1/8th FA to capture the heat 

transfer phenomena are evaluated and presented. To perform this analysis the two sub-

channels were adopted, SC (4) being the central and having the highest mass flux of 1003.2 

kg/m2.s and SC (9) located at the corner of the fuel assembly with the least mass flux of 

510.7 kg/m2.s (as presented in Appendix A). 

4.5.1 The influence of Mass flow rate 

The influence of mass flow rate at both 25 MPa and 23 MPa (with pseudo-critical 

temperatures of 384.9 °C and 377.5 °C respectively) on heat transfer phenomenon are 

illustrated in Figure 4.30 and Figure 4.31 respectively.  
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Figure 4.30: Influence of Mass flow rate at P 25 MPa in SCs (4) and 

(9) 

The analysis was carried out at mass flow rates of 0.1670 kg/s (601.2 kg/h) and 0.1559 kg/s 

(561.2 kg/h), 300 °C as inlet temperature and 650 kW/m2 heat flux.  The profiles of wall 

temperature values at 25 MPa and 23 MPa were obtained for normal heat transfer, 

enhanced heat transfer and the deteriorated heat transfer regions in Figure 4.30 and Figure 

4.31. In sub-channel 4 (NHT region) the wall temperature values for the 561.2 kg/h mass 

flow rate were larger than that of the 601.2 kg/h. However, in the enhanced heat transfer 

region the wall temperature values were almost the equivalent for all the two mass flow 

rates of the system at 25 MPa and 23 MPa. In the deteriorated region the wall temperature 

values for 561.2 kg/h mass flow rate were larger than that of the 601.2 kg/h. A similar trend 

of wall temperature values was observed in sub-channel 9 for the enhanced and deteriorated 
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heat transfer regions, except for the NHT region where the wall temperature values for all 

the two mass flow rates at 25 MPa and 23 MPa were almost same. 

On the other hand, it was observed that both fluid centre-line temperature values for all the 

two mass flow rates in sub-channel 4 increased “linearly” below and beyond the pseudo-

critical region, while in the pseudo-critical region the fluid centre-line temperature 

flattened. The fluid centre-line temperature values for the 561.2 kg/h were higher than that 

of the 601.2 kg/h but almost in the same pseudo-critical region in both sub-channels at 25 

MPa and 23 MPa. 

The highest wall temperature obtained is 695.86 °C in SC (9) at low mass flow rate (561.2 

kg/h) while the least wall temperature is 499.34 °C in SC (4) at high mass flow rate (601.2 

kg/h).  

 

                Figure 4.31: Influence of Mass flow rate at P 23 MPa in SCs (4) and (9) 
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Furthermore, at NHT region the temperature difference between the fluid centre-line 

temperatures and the average wall temperatures is slightly large in SC (4), very small in 

the HTE region near the pseudo-critical point and slightly increases beyond the pseudo-

critical region, in the HTD. In SC (9), the difference is small at NHT region for both mass 

flow rates, but increases at low mass flow rate in the HTD region while at a higher mass 

flow rate the difference is small (see Figure 4.30). A similar trend is also observed at 23 

MPa. This can be attributed to the size of an individual sub-channel and strong variations 

in thermal physical properties of SCW near, at and after the pseudo-critical region.  

Figure 4.31 shows the similar trend of the temperature distribution in the two SCs (4) and 

(9). The highest wall temperature obtained is 692.88 °C in SC (9) at low mass flow rate 

while the least wall temperature is 491.63 °C in SC (4) at high mass flow rate. 

4.5.2 The influence of Pressure 

Figure 4.32 and Figure 4.33 respectively show the influence and effect of varying the two 

system pressures 25 MPa and 23 MPa at the two mass flow rates of 601.2 kg/h and 561.2 

kg/h, on heat transfer behaviour in the FA based on the fluid centre-line temperature and 

wall temperature. 

University of Ghana  http://ugspace.ug.edu.gh



  
 
 

102 

 

Figure 4.32: Influence of Pressure at 0.1670 kg/s (601.2 kg/h) in SCs 

(4) and (9) 

The simulation results showed that the general trend pattern of the wall and fluid centre-

line temperatures under the two different mass flow rates (601.2 kg/h and 561.2 kg/h) 

behaved almost the same. Nevertheless, in Figure 4.32, below the pseudo-critical region 

the temperature values for 23 MPa and 25MPA in sub-channel 4 at 601.2 kg/h mass flow 

rate are the same. However, in and beyond the pseudo-critical region the values of fluid 

centerline temperature for 25 MPa are relatively larger than that of 23 MPa. A similar trend 

was observed in sub-channel 9 below the pseudo-critical region, and in the pseudo-critical 

region, except beyond pseudo-critical region where the values of the fluid centre-line 

temperature for 23 MPa are larger than that of the 25 MPa. 
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Figure 4.33: Influence of Pressure at 0.1559 kg/s (561.2 kg/h) in SCs 

(4) and (9) 

At 561.2 kg/h in sub-channel 4 (Figure 4.33), the values of the fluid centre-line temperature 

below the pseudo-critical region for both 23 MPa and 25 MPa were almost the same, while 

in the pseudo-critical region the fluid centre line temperature values for 25 MPa were  

relatively larger as compared to that of 23 MPa. Beyond pseudo-critical region the values 

of the fluid centre line temperature for 25 MPa are slightly larger as compared to that of 23 

MPa and became the same towards the exit of the sub-channel.  In sub-channel 9, the values 

of the fluid centre line temperature for 23 MPa and 25 MPa below pseudo-critical region 

are the same, while in the pseudo-critical region and beyond the pseudo-critical region the 

values of the fluid centre line temperature for 25 MPa were relatively larger as compared 

to that of the 23 MPa. 
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The three heat transfer regimes NHT, HTE and HTD were observed for wall temperature 

values at both working pressures. It was observed that pressure had no effect in the normal 

heat transfer region at both 601.2 kg/h and 561.2 kg/h mass flow rates. The wall 

temperature values in the enhanced heat transfer region increased with pressure for all the 

two mass flow rates. In sub-channel 4, the wall temperature values for 25 MPa were 

relatively larger as compared to that of the 23 MPa in the enhanced and deteriorated heat 

transfer regions at 601.2 kg/h and 561.2 kg/h. In sub-channel 9, the wall temperature values 

in the enhanced heat transfer region for 25 MPa were relatively larger as compared to that 

of the 23 MPa for both mass flow rates. However in the deteriorated heat transfer region a 

different trend of wall temperature values was observed “at 601.2 kg/h the wall temperature 

values for 23 MPa were larger than that of 25 MPa”. But at 561.2 kg/h the wall temperature 

values for 25 MPa were significantly larger as compared to that of the 23 MPa. It was also 

observed that between 1.2 m and 2 m, the wall temperature values for 25 MPa and 23 MPa 

were the same in the deteriorated heat transfer region at 601.2 kg/h, in sub-channel as 

shown in Figure 4.32. 

4.5.3 The influence of Gravity 

Figure 4.34 and Figure 4.35 show the influence of gravity on heat transfer based on the 

wall and fluid centre-line temperature profiles. The analysis was conducted at 25 MPa and 

23 MPa working pressures, 300 °C inlet temperature and mass flow rate of 601.2 kg/h.  
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Figure 4.34: Influence of gravity at Pressure 25 MPa and 0.1670 kg/s (601.2 

kg/h) as mass flow rate in SCs (4) and (9) 

N.B: w.g is with gravity and w.o.g is without gravity 

At both 25 MPa and 23 MPa almost equivalent trends and the values for wall temperature 

for the normal heat transfer, enhanced and deteriorated heat transfer regions were obtained 

for the systems with or without gravity in sub-channel 4. However, except in sub-channel 

9 the wall temperature values for the system without gravity effect were moderately larger 

as compared to the one with gravity effect in the deteriorated heat transfer region at both 

25 MPa and 23 MPa. The occurrence of recovery from deteriorated heat transfer region 

was observed in the system without gravity at 23 MPa. On the other hand, the trends and 

values of the fluid centre line temperatures for the two systems were same in sub-channel 

4, but in sub-channel 9 the fluid centre line temperature for a system without gravity was 

larger than the one with gravity beyond pseudo-critical region. 
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Figure 4.35:  Influence of gravity at Pressure 23 MPa (at mass flow rate 

0.1670 kg/s (601.2 kg/h) in SCs (4) and (9) 

It was also observed that the values of the fluid centre line temperature below and beyond 

the pseudo-critical region increased linearly, but flattened at the pseudo-critical region. The 

effect of gravity was more pronounced in sub-channel 9 than in sub-channel 4 at both 

working pressures of 25 MPa and 23 MPa. 

Consequently, based on the parametric analysis carried out, sub-channel 4 performed better 

in terms of heat transfer because temperatures predicted in sub-channel 9 were higher than 

the ones obtained in sub-channel 4. Sub-channel 9 was the hottest sub-channel while sub-

channel 4 was the coldest sub-channel. 
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CHAPTER FIVE : CONCLUSION AND RECOMMENDATIONS 
 

5.1 Conclusion  

The STAR CCM+ CFD code was used to simulate the flow and heat transfer behaviour of 

supercritical water in the nine (9) sub-channels of 1/8th FA. Four selected turbulence 

models were assessed and tested namely, AKN κ–ε, Lien’s Lo-Re κ–ε, standard (Wilcox) 

κ-ω and SST κ–ω. Among the four assessed turbulence models, the Shear Stress Transport 

and Standard Wilcox κ-ω turbulence models with the low y+ wall treatment qualitatively 

captured closely the coolant flow and temperature distributions in all the nine sub-channels 

obtained by Wataa. However, due to the fact that some modifications and improvements 

made to the Wilcox’ Standard κ-ω model was not validated. The SST κ-ω model was 

chosen to carry out the subsequent simulations. In addition, SST κ-ω turbulence model has 

also been widely used and recommended by many researchers in studying heat transfer 

phenomena of supercritical fluids SCWR technology. In the assessment and analysis of the 

twelve (12) selected different types of heat transfer correlations using SST κ-ω turbulence 

model, the Cheng et al. correlation consistently captured Wataa’s obtained data and 

provided favorable results. This was followed by the McAdams, Dyadyakin and Popov and 

Petukhov correlations. The maximum wall temperature was obtained in sub-channel 9, the 

hottest sub-channel and exceeded the design limit 620 °C by 60 °C for the Cheng 

correlation while for the other correlations it was more. The difference in temperature 

between the hottest and coldest sub-channels was approximately 80 °C. 

Results obtained from the parametric analysis in the two adopted sub-channels (4 and 9) 

showed that the fluid centre line temperature linearly increased below and above the 
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pseudo-critical region, but flattened at the pseudo-critical region for all the system 

parameters considered. The mass flow rate, pressure and gravity have effects and influence 

on the wall temperature values in the normal heat transfer region, enhanced heat transfer 

region and deteriorated heat transfer region. The variation of the system parameters (mass 

flow rate and gravity) in the enhanced heat transfer and pseudo-critical regions showed no 

significant difference in the wall temperature and fluid centre line temperature values 

respectively. However, for the pressure parameter a significant difference in the wall 

temperature and fluid centre line temperature values was observed. In addition, the wall 

and fluid centre line temperature values increased with pressure in these regions. This 

numerical study was not quantitatively compared with experimental data along the axial 

active heights of the sub-channels. Nonetheless, it was observed that the adopted numerical 

tool STAR-CCM+ code showed capabilities of capturing the trends for the normal heat 

transfer, enhanced and deteriorated heat transfer regions. 

Based on the parametric analysis carried out, sub-channel 4 performed favorably better in 

terms of heat transfer in that temperatures predicted in sub-channel 9 where higher than the 

ones obtained in sub-channel 4. Sub-channel 9 was the hottest sub-channel while sub-

channel 4 was the coldest sub-channel. 

Accordingly, from the deduced findings, experimental investigation should be carried out 

to validate the results and ascertain the applicability of the SST κ-ω turbulence model with 

low y+ wall treatment at supercritical conditions in SCWR fuel assembly.  
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5.2 Recommendations 

The following are the recommendations made from the numerical analysis conducted using 

STAR CCM+ CFD code for the SCWRs:  

 Experimental investigations involving rod bundles adopted in this study should be 

conducted to validate the results obtained numerically and address the 

inconsistence of conclusions drawn so far. These experimental studies would also 

be helpful in validating similar numerical studies in future.  

 More heat transfer related studies in rod bundle geometry with more than 2×2 fuel 

rod bundles should be carried out. This will provide more data on rod bundle 

geometry and better understanding on heat transfer in rod bundles. 

 More heat transfer correlations should be developed for predictions at supercritical 

pressures. Currently, most of the existing heat transfer correlations were developed 

for predictions at subcritical pressures. 
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APPENDICES 

APPENDIX A: Sub-channel Data from Wataa [17] 

Sub-channel 

Label 
Area (mm2) Pht (mm) Pwt (mm) Dh (mm) G0 (kg/m2s) 

1 20.9 12.6 21.8 3.8 790.5 

2 34.4 25.1 25.1 5.5 1003.2 

3 14.7 9.4 12.7 4.6 894.3 

4 34.4 25.1 25.1 5.5 1003.2 

5 20.9 12.6 21.8 3.8 790.5 

6 20.9 12.6 21.8 3.8 790.5 

7 17.1 12.6 12.6 5.4 997.5 

8 20.9 12.6 21.8 3.8 790.5 

9 3.5 3.1 7.1 2 510.7 

NB: Pw is the wetted perimeter, Pht is the heated perimeter 

The diameter of each individual sub-channel is defined by the equation (i): 

𝐷ℎ =
4𝐴

𝑃𝑤
                                               (i) 

Where  𝐷ℎ is the hydraulic diameter (mm), A is the cross sectional area (mm2) of a sub-

channel and  𝑃𝑤 is the wetted perimeter (mm) 
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APPENDIX B: Heat transfer correlations applicability range 
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APPENDIX C: Water Properties Tools 

C1: Thermo-physical properties of the fluid materials tool 
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C 2: Isothermal Properties for Water tool 
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C 3: Compressed Water and Superheated Steam Properties 
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 APPENDIX D: Density variation in all 9 sub-channels 

 

Density variation in all the sub-channels (using K-Omega SST turbulence model) 

 The coolant density is observed to decrease steadily with increasing 

assembly height. 

 The coolant density decreases from 743.01 kg/m³ at the inlet to about 77 

kg/m³ similar to what Wataa (2006) obtained. 

 Density is SC 9 is lower, due to the low mass flux. 
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APPENDIX E: Temperature profiles at 0.25 m, 2 m and 4 m  

 

Temperature profiles at 0.25 m  

 

Temperature profiles at 2 m  
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Temperature profiles at 4 m  

NB: Obtained using κ-ω SST Turbulence Model 
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APPENDIX F: Turbulence model’s Simulation Results  

F 1-AKN Turbulence model Predicted SC Coolant Temperatures 

SCs: 
Direction 
[1,0,0] (m) 

SC 1: 
Temper

ature 
(°C) 

SC  2: 
Temper

ature 
(°C) 

SC 3: 
Temper

ature 
(°C) 

SC  4: 
Temper

ature 
(°C) 

SC  5: 
Temper

ature 
(°C) 

SC 6: 
Temper

ature 
(°C) 

SC  7: 
Temper

ature 
(°C) 

SC  8: 
Temper

ature 
(°C) 

SC  9: 
Temper

ature 
(°C) 

0 300.00 300.12 300.16 302.23 299.82 300.10 303.62 299.83 301.22 

0.21 317.66 318.17 318.08 318.11 317.75 317.76 317.89 319.01 327.66 

0.42 333.97 334.30 334.19 334.22 334.15 334.44 334.38 336.70 344.29 

0.63 349.90 350.12 350.08 350.21 350.24 350.80 350.85 353.22 358.73 

0.84 362.56 362.73 362.72 362.95 362.98 363.60 363.76 365.57 369.00 

1.05 373.03 373.17 373.18 373.42 373.43 373.90 374.05 375.09 376.63 

1.26 379.19 379.26 379.28 379.42 379.42 379.68 379.77 380.24 380.82 

1.47 382.71 382.74 382.75 382.81 382.81 382.91 382.96 383.10 383.27 

1.68 384.40 384.41 384.41 384.44 384.44 384.48 384.50 384.55 384.60 

1.89 385.14 385.15 385.15 385.15 385.12 385.12 385.14 385.10 385.10 

2.1 385.19 385.21 385.20 385.20 385.18 385.17 385.19 385.16 385.15 

2.31 385.17 385.19 385.18 385.19 385.16 385.15 385.17 385.13 385.13 

2.52 385.14 385.16 385.15 385.15 385.12 385.11 385.13 385.10 385.09 

2.73 385.12 385.14 385.13 385.14 385.11 385.10 385.12 385.09 385.09 

2.94 385.16 385.18 385.17 385.18 385.15 385.14 385.16 385.13 385.13 

3.15 385.20 385.22 385.21 385.21 385.19 385.18 385.20 385.16 385.16 

3.36 385.21 385.23 385.22 385.23 385.20 385.19 385.21 385.18 385.18 

3.57 385.24 385.26 385.25 385.26 385.23 385.22 385.24 385.20 385.20 

3.78 385.20 385.21 385.21 385.21 385.18 385.18 385.19 385.16 385.16 

3.99 385.31 385.33 385.32 385.33 385.30 385.30 385.32 385.30 385.30 

4.2 385.45 385.47 385.46 385.46 385.44 385.44 385.45 385.43 385.43 
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F 2-AKN Turbulence model Predicted Average Wall Temperatures 

SCs: 
Direction 

[1,0,0] 
(m) 

Avg 
TW 
(°C) 
SC 1 

Avg 
TW 
(°C) 
SC 2 

Avg 
TW 
(°C) 
SC 3 

Avg 
TW 
(°C) 
SC 4 

Avg 
TW 
(°C) 
SC 5 

Avg 
TW 
(°C) 
SC 6 

Avg 
TW 
(°C) 
SC 7 

Avg 
TW 
(°C) 
SC 8 

Avg 
TW 
(°C)  
SC 9 

0.21 320.21 320.24 320.17 320.20 320.27 324.24 322.88 324.24 328.26 

0.42 337.32 337.35 337.31 337.37 337.37 341.20 339.92 341.20 344.77 

0.63 351.34 351.36 351.30 351.42 351.39 355.42 354.03 355.42 359.02 

0.84 363.55 363.61 363.59 363.72 363.67 366.63 365.62 366.63 369.17 

1.05 373.60 373.65 373.67 373.77 373.70 375.38 374.81 375.38 376.70 

1.26 379.45 379.48 379.51 379.57 379.51 380.29 380.03 380.29 380.85 

1.47 382.80 382.82 382.83 382.85 382.83 383.09 383.00 383.09 383.28 

1.68 384.50 384.54 384.44 384.52 384.58 384.60 384.55 384.60 384.60 

1.89 385.16 385.16 385.16 385.16 385.16 385.12 385.14 385.12 385.10 

2.1 385.22 385.21 385.22 385.21 385.21 385.18 385.19 385.18 385.16 

2.31 385.20 385.20 385.20 385.19 385.19 385.15 385.17 385.15 385.13 

2.52 385.16 385.16 385.16 385.16 385.15 385.12 385.13 385.12 385.09 

2.73 385.15 385.14 385.15 385.15 385.14 385.11 385.12 385.11 385.09 

2.94 385.19 385.19 385.19 385.19 385.18 385.15 385.16 385.15 385.13 

3.15 385.22 385.22 385.23 385.22 385.22 385.18 385.20 385.18 385.16 

3.36 385.24 385.23 385.24 385.23 385.23 385.20 385.21 385.20 385.18 

3.57 385.27 385.26 385.27 385.26 385.26 385.22 385.24 385.22 385.20 

3.78 385.22 385.22 385.22 385.22 385.22 385.18 385.20 385.18 385.16 

3.99 385.34 385.34 385.34 385.34 385.34 385.31 385.32 385.31 385.30 

4.2 385.48 385.48 385.48 385.47 385.48 385.44 385.44 385.44 385.43 
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F 3-Lien’s Standard Lo-Re κ-ε Turbulence model Predicted SC Coolant Temperatures 

Direction 
[1,0,0] (m) 

SC 1: 
Tempe
rature 
(°C) 

SC 2: 
Tempe
rature 
(°C) 

SC 3: 
Tempe
rature  
(°C) 

SC 4: 
Tempe
rature  
(°C) 

SC 5: 
Tempe
rature  
(°C) 

SC 6: 
Tempe
rature  
(°C) 

SC 7: 
Tempe
rature  
(°C) 

SC8: 
Tempe
rature 
(°C) 

SC 9: 
Temper

ature  
(°C) 

0 301.03 300.23 300.98 300.15 300.94 301.03 301.03 301.03 301.19 

0.21 332.48 332.51 332.48 332.47 332.40 332.36 332.40 332.30 332.28 

0.42 332.33 332.36 332.34 332.33 332.27 332.24 332.28 332.21 332.22 

0.63 335.68 335.70 335.68 335.66 335.61 335.56 335.58 335.50 335.50 

0.84 341.94 341.96 341.93 341.91 341.88 341.81 341.82 341.76 341.78 

1.05 346.18 346.22 346.19 346.17 346.09 346.04 346.08 345.95 345.92 

1.26 344.55 344.61 344.58 344.57 344.39 344.33 344.42 344.18 344.04 

1.47 339.40 339.41 339.38 339.35 339.36 339.29 339.26 339.23 339.30 

1.68 346.19 346.20 346.17 346.17 346.15 346.12 346.13 346.10 346.15 

1.89 350.66 350.67 350.64 350.61 350.59 350.52 350.51 350.45 350.47 

2.1 351.40 351.44 351.42 351.40 351.28 351.22 351.28 351.11 351.03 

2.31 369.69 369.68 369.67 369.65 369.68 369.65 369.63 369.66 369.74 

2.52 361.37 361.43 361.41 361.41 361.25 361.21 361.31 361.13 361.04 

2.73 354.05 354.12 354.12 354.19 354.08 354.16 354.28 354.28 354.36 

2.94 367.21 367.22 367.20 367.21 367.24 367.25 367.25 367.31 367.42 

3.15 377.43 377.42 377.40 377.38 377.43 377.39 377.36 377.39 377.46 

3.36 379.76 379.76 379.74 379.71 379.68 379.61 379.61 379.51 379.46 

3.57 381.60 381.59 381.59 381.59 381.63 381.64 381.61 381.68 381.76 

3.78 383.98 383.97 383.96 383.94 383.96 383.92 383.89 383.88 383.89 

3.99 384.68 384.67 384.66 384.63 384.63 384.60 384.59 384.55 384.54 

4.2 384.44 384.43 384.42 384.39 384.43 384.39 384.37 384.38 384.40 
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F 4-Lien’s Standard Lo-Re κ-ε Turbulence model Predicted Average Wall Temperatures 

Wall 2: 
Direction 

[1,0,0] 
(m) 

Avg 
Tw 
(°C) 
SC 1 

Avg 
Tw 

(°C)SC 
2 

Avg 
Tw 
(°C) 
SC 3 

Avg 
Tw 
(°C) 
SC 4 

Avg 
Tw 
(°C) 
SC 5 

Avg 
Tw 
(°C) 
SC 6 

Avg 
Tw 
(°C) 
SC 7 

Avg 
Tw 
(°C) 
SC 8 

Avg 
Tw 
(°C) 
SC 9 

0.21 332.53 332.52 332.52 332.50 332.50 332.48 332.41 332.36 332.29 

0.42 332.71 332.70 332.70 332.69 332.69 332.68 332.53 332.44 332.22 

0.63 335.72 335.71 335.71 335.69 335.70 335.68 335.62 335.57 335.50 

0.84 341.97 341.97 341.96 341.94 341.95 341.93 341.87 341.83 341.79 

1.05 346.23 346.22 346.22 346.20 346.20 346.18 346.09 346.02 345.92 

1.26 344.61 344.59 344.61 344.58 344.56 344.54 344.37 344.25 344.04 

1.47 339.43 339.42 339.40 339.39 339.41 339.38 339.35 339.32 339.30 

1.68 346.86 347.17 346.21 346.84 346.84 347.46 346.60 346.80 346.16 

1.89 350.69 350.68 350.67 350.65 350.66 350.63 350.57 350.53 350.47 

2.1 350.74 351.08 350.73 350.71 351.41 350.69 350.80 350.48 351.03 

2.31 369.70 369.70 369.69 369.69 369.69 369.68 369.70 369.71 369.74 

2.52 360.53 360.06 360.54 360.51 360.49 360.48 361.27 361.19 361.05 

2.73 354.15 354.15 354.18 354.19 354.16 354.20 354.25 354.29 354.36 

2.94 368.05 367.65 368.87 368.06 368.06 367.25 368.39 368.16 369.05 

3.15 377.43 377.43 377.41 377.41 377.43 377.41 377.42 377.43 377.46 

3.36 379.56 379.55 379.55 379.63 379.34 379.71 379.49 379.57 379.46 

3.57 381.61 381.61 381.60 381.61 381.61 381.61 381.66 381.69 381.76 

3.78 384.05 384.01 384.04 384.00 383.97 383.95 383.93 383.91 383.89 

3.99 384.67 384.66 384.65 384.65 384.65 384.64 384.60 384.58 384.54 

4.2 384.42 384.42 384.42 384.41 384.39 384.41 384.40 384.40 384.40 
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F 5: SST (Menter’s) κ-ω Turbulence model Predicted SC Coolant Temperatures 

Dire
ctio

n 
[1,0,
0] 

(m) 

SC 1 
Tempe
rature 
(°C) 

SC 2: 
Tempe
rature 
(°C) 

SC 3: 
Tempe
rature 
(°C) 

SC 4: 
Tempe
rature 
(°C) 

SC  5: 
Tempe
rature 
(°C) 

SC 6: 
Tempe
rature 
(°C) 

SC 7: 
Tempe
rature 
(°C) 

SC 8: 
Tempe
rature 
(°C) 

SC 9: 
Tempe
rature 
(°C) 

0 300.25 300.01 299.98 303.21 299.96 299.98 300.05 299.96 301.15 

0.21 313.44 314.76 315.39 314.73 313.23 313.17 315.07 313.20 333.22 

0.42 329.62 331.81 331.71 331.77 329.52 329.48 331.19 329.73 358.27 

0.63 346.04 348.36 347.85 348.26 346.10 346.07 347.09 346.76 375.05 

0.84 359.26 361.45 360.75 361.31 359.42 359.39 359.91 360.80 382.18 

1.05 370.66 372.29 371.65 372.14 370.83 370.81 371.03 372.88 385.14 

1.26 377.70 378.62 378.24 378.51 377.82 377.83 377.88 379.72 388.15 

1.47 381.99 382.32 382.17 382.25 382.08 382.11 382.02 383.27 393.47 

1.68 383.92 384.07 383.99 384.02 383.99 384.03 383.93 384.87 399.98 

1.89 385.27 385.38 385.30 385.33 385.35 385.42 385.33 386.50 407.05 

2.1 386.60 386.75 386.63 386.69 386.73 386.87 386.79 388.69 414.16 

2.31 388.77 389.03 388.82 388.96 389.00 389.32 389.34 392.42 423.56 

2.52 391.75 392.15 391.84 392.12 392.12 392.72 392.94 397.38 432.80 

2.73 396.52 397.16 396.73 397.28 397.14 398.21 398.86 404.78 444.37 

2.94 402.55 403.42 402.94 403.77 403.43 405.02 406.13 413.50 457.05 

3.15 411.08 412.28 411.74 413.02 412.31 414.62 416.47 425.75 472.48 

3.36 421.06 422.66 422.07 423.90 422.72 425.89 428.55 439.04 488.79 

3.57 434.89 436.88 436.38 438.70 436.96 440.93 444.35 455.74 511.03 

3.78 449.48 451.79 451.39 454.10 451.85 456.53 460.58 473.13 533.87 

3.99 467.69 470.39 470.09 473.29 470.43 475.95 480.70 494.64 560.73 

4.2 486.98 490.24 489.90 493.69 490.14 496.46 501.90 517.10 587.88 
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F 6: SST (Menter’s) κ-ω Turbulence model Predicted SC Wall Temperatures 

Direction 
[1,0,0] 

(m) 

Avg Tw 
SC 1 
(°C) 

Avg Tw 
SC 2 
(°C) 

Avg Tw 
SC 3 
(°C) 

Avg Tw 
SC 4 
(°C) 

Avg Tw 
SC 5 
(°C) 

Avg Tw 
SC 6 
(°C) 

Avg Tw 
SC  

7(°C) 

Avg Tw 
SC 8 
(°C) 

Avg Tw 
SC 9 
(°C) 

0.21 331.28 331.37 331.06 331.18 331.46 331.31 334.07 335.54 339.82 

0.42 346.98 346.93 346.86 346.91 346.87 346.96 352.71 355.47 363.52 

0.63 359.42 359.35 359.19 359.26 359.29 359.33 365.31 368.37 377.07 

0.84 369.27 369.32 369.26 369.28 369.37 369.29 373.87 376.12 382.95 

1.05 376.86 376.88 376.83 376.84 376.90 376.85 379.75 381.23 385.60 

1.26 381.00 381.01 380.98 381.00 381.01 381.02 383.82 385.25 389.43 

1.47 383.38 383.39 383.35 383.36 383.40 383.38 387.45 389.50 395.60 

1.68 384.71 384.73 384.61 384.68 384.76 384.76 390.98 394.17 403.54 

1.89 385.88 385.90 385.85 385.87 385.91 385.90 394.15 398.30 410.66 

2.1 387.49 387.46 387.41 387.46 387.43 387.52 397.70 402.91 418.14 

2.31 389.92 389.94 389.81 389.91 389.95 390.01 402.60 409.03 427.89 

2.52 393.52 393.69 393.46 393.62 393.85 393.77 408.33 415.90 437.97 

2.73 398.79 398.86 398.74 398.97 398.93 399.21 415.77 424.34 449.04 

2.94 405.92 405.84 406.34 406.29 405.76 406.23 425.54 435.18 463.51 

3.15 414.95 415.13 415.08 415.55 415.30 416.02 436.59 447.38 477.92 

3.36 426.64 426.84 426.92 427.23 427.03 427.53 450.20 461.61 494.49 

3.57 440.91 441.18 441.45 442.18 441.45 442.92 467.48 480.56 516.84 

3.78 457.33 457.27 458.16 458.56 457.21 458.96 486.17 500.54 540.56 

3.99 476.14 476.54 477.08 478.05 476.94 479.02 508.75 524.58 568.26 

4.2 497.87 497.86 497.87 499.34 497.84 500.08 548.83 548.83 595.33 
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F 8: Standard (Wilcox) κ-ω Turbulence model Predicted SC Coolant Temperatures 

Direc
tion 

[1,0,0
] (m) 

SC 1: 
Temper

ature 
(°C) 

SC 2: 
Temper

ature 
(°C) 

SC 3: 
Temper

ature 
(°C) 

SC 5: 
Temper

ature 
(°C) 

SC 6: 
Temper

ature 
(°C) 

SC 7: 
Temper

ature 
(°C) 

SC 8: 
Temper

ature 
(°C) 

SC 9: 
Temper

ature 
(°C) 

0 300.03 301.36 300.01 299.96 300.58 300.23 299.96 301.15 

0.21 313.25 314.38 315.44 313.04 312.98 314.96 313.02 334.06 

0.42 329.55 331.47 331.79 329.47 329.44 331.05 329.72 359.49 

0.63 346.03 348.08 347.91 346.12 346.10 346.96 346.94 375.63 

0.84 359.29 361.25 360.81 359.50 359.48 359.84 361.15 382.21 

1.05 370.75 372.23 371.73 370.99 370.99 371.06 373.27 384.87 

1.26 377.75 378.63 378.30 377.91 377.94 377.95 379.94 387.23 

1.47 381.99 382.35 382.19 382.09 382.14 382.12 383.34 391.16 

1.68 383.92 384.09 384.00 383.99 384.05 384.02 384.90 395.86 

1.89 385.26 385.40 385.31 385.34 385.43 385.43 386.52 401.08 

2.1 386.59 386.78 386.65 386.72 386.90 386.95 388.68 406.30 

2.31 388.76 389.06 388.86 389.00 389.38 389.63 392.30 413.34 

2.52 391.74 392.19 391.93 392.13 392.81 393.36 397.09 420.96 

2.73 396.53 397.24 396.91 397.18 398.35 399.42 404.21 431.15 

2.94 402.61 403.54 403.22 403.51 405.21 406.78 412.58 442.52 

3.15 411.24 412.49 412.18 412.46 414.86 417.19 424.36 456.60 

3.36 421.35 422.97 422.69 422.96 426.17 429.26 437.29 471.69 

3.57 435.36 437.32 437.20 437.33 441.23 444.94 453.58 492.29 

3.78 450.13 452.37 452.38 452.36 456.85 461.07 470.56 513.96 

3.99 468.56 471.15 471.26 471.08 476.26 481.07 491.62 539.79 

4.2 488.08 491.18 491.25 490.96 496.79 502.14 513.72 566.15 

 

 

 

 

University of Ghana  http://ugspace.ug.edu.gh



  
 
 

133 

F 9: Standard (Wilcox) κ-ω Turbulence model Predicted Wall Temperatures 

Direction 
[1,0,0] 
(m) 

Avg Tw 
(°C) SC 

1 

Avg Tw 
(°C) SC 

2 

Avg Tw 
(°C) SC 

3 

Avg Tw 
(°C) SC 

4 

Avg Tw 
(°C) SC 

5 

Avg Tw 
(°C) SC 

6 

Avg Tw 
(°C) SC 

7 

Avg Tw 
(°C) SC 

8 

Avg Tw 
(°C) SC 

9 

0.21 330.63 330.74 330.42 330.58 330.85 330.74 333.53 335.02 339.30 

0.42 346.23 346.21 346.18 346.25 346.19 346.32 352.29 355.15 363.46 

0.63 358.79 358.72 358.61 358.67 358.65 358.73 364.95 368.12 377.16 

0.84 368.75 368.79 368.73 368.75 368.83 368.77 373.48 375.81 382.83 

1.05 376.50 376.52 376.46 376.49 376.54 376.51 379.40 380.87 385.22 

1.26 380.78 380.79 380.77 380.79 380.81 380.81 383.20 384.42 388.00 

1.47 383.27 383.29 383.24 383.26 383.30 383.27 386.30 387.84 392.41 

1.68 384.64 384.67 384.54 384.62 384.70 384.70 389.05 391.32 397.92 

1.89 385.81 385.83 385.79 385.81 385.85 385.84 391.62 394.54 403.20 

2.1 387.39 387.37 387.34 387.39 387.34 387.45 394.44 398.06 408.50 

2.31 389.80 389.82 389.73 389.83 389.84 389.93 398.50 402.92 415.75 

2.52 393.36 393.53 393.38 393.53 393.70 393.69 403.59 408.82 423.90 

2.73 398.60 398.67 398.66 398.90 398.75 399.13 410.68 416.73 433.91 

2.94 405.70 405.63 406.29 406.22 405.56 406.15 419.92 426.77 446.76 

3.15 414.75 414.93 415.09 415.53 415.10 415.97 430.54 438.28 459.77 

3.36 426.45 426.65 426.98 427.24 426.86 427.50 443.76 451.87 475.10 

3.57 440.79 441.05 441.57 442.23 441.31 442.89 460.54 470.04 495.91 

3.78 457.25 457.17 458.30 458.61 457.09 458.91 478.74 489.29 518.20 

3.99 476.09 476.46 477.25 478.08 476.83 478.92 500.85 512.61 544.59 

4.2 497.99 497.99 497.99 499.32 497.98 499.98 536.51 536.51 571.04 
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