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ABSTRACT 

 

The thesis dealt with the temperature fluctuation in a T-junction with two fluid streams of 

different temperature. This phenomenon is of crucial importance in many engineering 

applications such as Nuclear Power Plants, because temperature fluctuation leads to 

thermal fatigue and subsequently might result in failure of structural material. In mixing 

areas of a Nuclear Power Plant where piping structure is exposed to unavoidable 

temperature differences in a bid to maintain plant operational capacity, the effects of the 

temperature difference on the piping structure at the mixing junctions cannot be neglected. 

Temperature fluctuation is tightly coupled with flow turbulence, which has attracted 

extensive attention and been investigated worldwide since several decades. The main target 

of this thesis is the investigation of the temperature fluctuation with the emphasis on the 

effect of the injection pipe orientation on the temperature fluctuation. The computational 

fluid dynamics (CFD) approach was applied using STAR CCM+ code. Due to the 

limitation in computing efforts, the RANS method was selected instead of LES or DNS 

method. Four inclination angles were selected. The mixing intensity and the size of the 

effective mixing zone were investigated. Smaller inclination angle (both injection pipes are 

perpendicular to each other, in case of zero degree inclination angle) led in one side to a 

larger turbulence intensity or mixing intensity, and subsequently to larger temperature 

fluctuation and on the other side the mixing zone is reduced. The simulated temperature 

fields are employed as thermal boundary conditions in heat transfer analyses of a pipe wall. 
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The findings gives useful data for the design of devices where attention needs to be paid to 

thermal fatigue.  
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CHAPTER ONE 

INTRODUCTION 

 

Thermal fatigue phenomena is an issue of growing importance and several researches have 

been conducted worldwide to better understand the phenomenon and develop evaluation 

methods aimed at supporting informed decision making in Nuclear Power Plant (NPP) 

piping system design. When piping structure is exposed to unavoidable temperature 

differences in other to maintain plant conditions, the effects of the temperature difference 

on the piping structure at the mixing junctions cannot be neglected. In summary the 

consequences of the flow parameters on the piping structure can now be predicted with 

more confidence by accurate characterization of the flow parameters being studied.  

 

1.1. Background to the Study 

The basis of this study is the T-junction Benchmark which was initiated by OECD/NEA-

Vattenfall, to test how significant parameters affecting high-cycle thermal fatigue in 

mixing T-junctions can be predicted by Computational Fluid Dynamics (CFD) codes. 

Interest in the subject first arose in the early 1980s (NEA/CSNI/R, 2011), but then gained 

significant attention following the 1998 incident in France at the Civaux-1 where several 

incidents of high-cycle fatigue mainly in T-junctions were observed (Shah, 1999; 

Jungclaus et al.,1998). 
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When hot and cold streams meet and mix in a junction, the mixing is often not complete 

and significant temperature fluctuations can be created close to the pipe walls (Jayaraju et 

al., 2011).  

Cyclical thermal stresses can occur due to these temperature fluctuations near the pipe 

walls, which may induce fatigue cracking in the structure. Thermal fatigue problem in 

the1980’s in context of Liquid-Metal Fast Breeder Reactors were initially studied when it 

was considered a significant problem due to the high thermal conductivity of the liquid-

metal sodium coolant (NEA/CSNI/R, 2011). The upper core structure and the plenum 

region were areas of major concern.  

The Civaux-1 failure and other related incidents showed that piping system T-junction 

connections are exposed to thermal fatigue that arises from low and high cycle temperature 

turbulences (Jhung, 2013). In service experiences showed that thermal fatigue cracks may 

occur arbitrarily in different locations, example; welds, elbows, base material, straight 

pipes subjected to diverse loading conditions. Cracks that occurs according to Jhung (2013) 

are normally attributed to temperature mixing effects and thermal stratification caused by 

the different mass flows in “run” and “branch” pipes at the T-junction connection. 

Experiments on thermal mixing in T-junctions are being carried out in several countries 

including; Germany, Japan, France, Sweden and Switzerland (NEA/CSNI/R, 2011). In 

particular, experiments have been performed at the Älvkarleby Laboratory of Vattenfall 

Research and Development in Sweden since 2006, aimed at providing high quality 

validation data for CFD calculations (OECD/NEA-Vattenfall T-junction Benchmark).  
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The European Commission also funded a 3-year project “thermal fatigue evaluation of 

piping system Tee-connections” with the primary aim of advancing the accuracy and 

reliability of thermal fatigue load determination and to formulate research oriented 

approaches and methodologies in managing risks of thermal fatigue (Jhung, 2013). 

Failure of materials in T-junction piping system has been associated with variation in flow 

rate of fluid occurring at different temperatures (Nakamura et al., 2015).This fluctuation in 

temperature causes deformation in the structural material which in turn causes changes in 

the boundary conditions of the fluid flow (Velusamy et al., 2006). To predict this 

phenomenon, models available in software application such as STAR-CCM+ (models for 

predicting phenomena relating to flow of fluid) are evaluated in the present research. The 

study adopted STAR-CCM+ Computational Fluid Dynamic (CFD) code version 10.04.011 

to predict the effect of varying branch pipe angle of inclination on flow parameters that 

affect thermal fatigue. 

 

1.2 Research Problem Statement 

In an attempt to increase power in Nuclear Power Plant (NPP), higher operating 

temperatures are utilized. If a piping system is subjected to unavoidable temperature 

differences in a bid to maintain plant operational capacity conditions, the risk of fatigue 

cracking by temperature fluctuation is not negligible. At mixing junctions of NPP piping 

systems, there are possibilities of occurrence of high-cycle thermal fatigue caused by these 
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temperature fluctuations. Evaluation methods to determine flow and mixing characteristics 

(e.g. temperature fluctuations) leading to thermal fatigue are therefore important when 

plant are designed to prevent fatigue cracking. 

 

1.3 Justification for the Study 

Thermal fatigue is a major degradation mechanism that needs be considered in Nuclear 

Power Plant piping system. Thermal fatigue, vis-à-vis ageing and life-management of 

LWRs is of serious safety concern and hence ought to be investigated. Temperature 

fluctuation initiated by fluid mixing spreads throughout the pipe wall and generates thermal 

stress, the pipe cracking may be caused by thermal stress exceeding the fatigue limit. 

Thus, it becomes necessary to investigate the development of thermal fatigue due to 

temperature distribution and methods used in the evaluation of temperature fluctuations 

contributing to thermal fatigue. The use of computer-based simulations helps to predict 

temperature fluctuations contributing to thermal fatigue downstream the mixing-junction. 

This study will therefore focus on determining the thermal and velocity distribution 

downstream the mixing -junction and the possible effects of the flow characteristics due to 

varying the angle of inclination of branch pipe to the main pipe. 

1.4 Goal 

This study is borne out of the fact that power plant design involves the incorporation of 

high level of safety measures due to operations at extremely high temperatures. Although 
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the effect of thermal fatigue is material specific, it is largely dependent on several other 

flow parameters such as the magnitude and propagation of temperature fluctuation in flow 

channels. Since there is the possibility of structural deformation due to temperature 

fluctuation, this study sought to characterise such deformation through knowledge of the 

temperature fluctuation and velocity fields downstream the mixing-junction. 

 

1.4.1  Specific Objectives 

The specific objectives of the study are to; 

a) perform sensitivity analysis of turbulence models for the experimental results from 

the Vattenfall research using STAR-CCM+; 

b)  examine the mean temperature fluctuations recorded at various locations along the 

tube downstream the mixing-junction and comparative analysis of temperature 

fluctuation for varying angles of inclination of branch pipe to the mixing-junction 

domain; 

c)  determine the velocity fields downstream the mixing-junction and comparative 

analysis of velocity fields for varying angles of inclination of branch pipe to the 

mixing-junction domain; 
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d) ascertain the trends of other mean and turbulent flow parameters (turbulence 

intensity, pressure) downstream the mixing-junction and the effects of angle of 

inclination. 

 

1.5 Turbulent Modelling Options  

The transfer of heat, momentum and mass in most flows is influenced by turbulent motions 

and therefore influences the distribution of velocity and temperature over the flow field 

(Rodi, 1993). The selection of a suitable turbulent model depends on the specific problem 

since no turbulence model is suited for every case. Spalart-Allmaras model is a 1-equation 

model, which is used mainly for aerospace industrial application; while, k-omega and k-

epsilon, (2-equation models) are semi analytic models. K-epsilon model is suitable for 

predicting far from the wall boundaries while k-omega model predicts well near wall 

boundaries, though it depends on y+. There is also the Menter’s Shear Stress Transport 

(SST) model which is a combination of both, k-omega and k-epsilon models but requiring 

fine tuning is required.  SST model used with good mesh at boundary and wall treatment 

usually works in most cases but again it is problem specific. It is possible to use suitable 

numerical procedures, by solving the flow equation with appropriate boundary conditions 

to simulate any turbulent flow. 
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1.6 Scope of the Study 

This study is limited to the application of specific models in STAR-CCM+ to investigate 

the distribution of mean and turbulent flow fields of T-junction geometry. Comparative 

analysis of trends of these parameters was carried out at varying change in temperature 

between the hot and cold inlet of the T-junction geometry.  

 

1.7 Structure of Thesis 

The orientation to the research study has been explained in this chapter. The mechanisms 

of thermal fatigue and the computational methods applied in thermal fatigue analysis are 

discussed in chapter two. Chapter three then explains The methodology used in the 

research, presenting the most suitable approach to provide the best result that replicates the 

experimental data. The results are presented and discussed in Chapter four, based on that, 

a conclusion is established in the last chapter. 
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CHAPTER TWO 

LITERATURE REVIEW 
 

 

2.1  INTRODUCTION 

Chapter two offers insights on what has been published on thermal fatigue mechanism in 

relation to nuclear reactor material as well as Computational Fluid Dynamic methods used 

in predicting the phenomenon by researchers in the field, which includes the current 

knowledge in thermal fatigue analysis, substantive findings, as well as theoretical and 

methodological contributions.  

This section presents a review of literature on the mechanism of thermal fatigue, the 

characteristic flow parameters associated with the mechanism and its effects on T-junction 

pipes, as well as Computational Fluid Dynamic (CFD) methods used in predicting fatigue 

phenomenon in pipes. The main problem which is thermal effect and its frequency are 

reviewed. An overview of thermal fatigue problems in T-junction pipes and some recent 

techniques for predicting thermal fatigue in T-junction of piping systems are also reviewed. 

 

2.2 Thermal Fatigue Failure Mechanism 

Thermal loads and cracking failure mechanism at mixing zone of hot and cold fluids can 

be decomposed into elemental processes as indicated in Figure 2.1; 
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Figure 2.1: Thermal load and cracking mechanism at a mixing zone of hot and cold 

fluids (Nakamura et. al., 2015) 

 

Mechanisms at mixing zones of hot and cold fluids shown in the Figure 2.4 as proposed 

by Nakamura et al. (2015) are described as follows; 

A. Vortices generate temperature fluctuations in the main flow 

B. Fluctuation propagates to the boundary layer of flow 

C. The fluctuations in the layer is transferred to the structure surface 
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D. Fluctuations on the surface then propagate through the pipe wall by heat 

conduction and generates thermal stress by the constraint of pipe structure. 

E. The recurrence of thermal stress instigates high cycle fatigue cracking. 

 

 

2.3 Navier-Stokes Equation 

The basis of Navier-Stokes equation is the conservation law of physical properties of fluid. 

Navier-Stokes equation is 3-dimensional partial differential equation (Sodja, 2007), it is 

nonlinear (rotational) and fully time dependent. Interactions between non-linear inertial 

terms and viscous terms in the Navier-Stokes equation account for the turbulent flow 

instabilities.  

The four main components in solving CFD problems are: preprocessing which includes 

geometry and grid generation, setting up a physical model, which is; setting boundary 

names and types, defining the models in the continua and applying them to the regions, 

solving it (running the simulation) and post-processing the computed data.  

 

2.4  Thermal Fatigue 

Thermal fatigue has been a topic of great interest for many years and researchers have been 

working for decades with regards to understanding and solving fatigue problems related to 

several spheres of thermal hydraulics and reactor management. 
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Thermal fatigue is a phenomenon that occurs frequently in thermal hydraulics systems such 

as reheat systems, turbines, emergency core cooling systems (ECCS) of nuclear power 

plants (NPP) and as such ought to be studied to comprehend the mechanisms behind the 

phenomenon. The understanding of these phenomena and the development of evaluation 

methods of thermal fatigue are important from the viewpoint of design, operation and 

safety of the plants.  It is an important factor in ageing management of nuclear power 

(Tipping, 1996). Thermal fatigue mechanisms need to be monitored to ensure safety and 

continuous operation of nuclear power systems (Saito & Sawada, 2002). Roos et al., (2006) 

considered thermal fatigue as an important safety issue in primary piping system of nuclear 

power plants. The degradation mechanism of thermal fatigue is induced by temperature 

fluctuations that result from mixing hot and cold flows. Ayhan & Sökmen (2013) suggested 

that these fluctuations occur when a fluid meeting at different temperatures arrives at the 

pipe wall before reaching thermal equilibrium.  

 

2.4.1 Temperature Variation Induced Fatigue 

Possible phenomena that can occur as a result of temperature fluctuations include; thermal 

stripping, thermal stratification, turbulent mixing, and thermal fatigue. Temperature 

fluctuations observed at interfaces between two non-isothermal components or mixing T-

junction components in heat transport systems is referred to as thermal stripping (Velusamy 

et al., 2006). This suggests that heat is readily transferred to the material, thereby subjecting 
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it to a repetitive cycle of temperature fluctuations that could potentially lead to fatigue and 

crack initiation. Thermal fluctuation becomes prominent and is observed more frequently 

when the temperature increases and decreases. Such temperature differentials can produce 

stresses high enough to cause fatigue failure in pipes, thereby limiting its lifespan. Since 

materials function usefully at different temperatures, different materials have different 

fatigue limit. Tensile and compressive stress may be caused by restricting thermal 

expansion. This situation occurs in complex piping systems such as welded joints, elbows, 

and T-junctions which are commonly found in nuclear power plant.  

Nakamura et al., (2015) pointed out that temperature fluctuation caused by fluid mixing at 

T-junctions generates thermal stress which upon exceeding fatigue limit leads to pipe 

cracking. Prawoto (2013) suggested that a material subjected to stresses in a cyclic pattern 

will suffer from fatigue cracking when the induced stress is below the ultimate tensile stress 

of the material. This implies that the material fails at a stress level below its nominal 

strength. Figure 2.2 shows typical representation of fatigue failure in a pipe.  

Figure 2.2: Thermal fatigue failures (Jayaraju et. al., 2011) 
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Failures related to thermal fatigue have occurred in several nuclear power plants around 

the world, including; Genkail (Japan), Tihange (Belgium), Farley (USA), Lovilsa 

(Finland), PFR (UK), Forsmark (Sweden), Tsuruga (Japan), Tomari (Japan),  Civaux 

(France) (Jayaraju et al., 2011; Qian et al., 2010). Although installation of static mixers 

enhances mixing process which is a possible way of reducing the risk of thermal fatigue 

related problems, static mixers according to Ndombo & Howard (2011) have been 

developed and installed in nuclear power plants at Vattenfall Utveckling AB since the early 

1980s, however these static mixing devices are expensive to install. This cost can be 

avoided if simulations can accurately predict thermal fatigue. Computational fluid dynamic 

methods such as Reynolds Averaged Navier-Stokes (RANS) equations, Large Eddy 

Simulation (LES), Scale-Adaptive Simulation (SAS) can be used to compute the flow in 

the component to predict the thermal load (Egorov et al., 2010). Codes available for 

performing these simulations include; Fluent, STAR-CCM+, CFX, CABARET, 

OpenFOAM, NEK5000, and TransAT.  

A methodology used to predict thermal fatigue as proposed by Kucza et al., (2010) involves 

the determination of the temperature fluctuations using Computational Fluid Dynamics 

simulations. The temperature fluctuations are imposed as thermal loads in the FEM (Finite 

Element Method) model of the structure; the thermal stresses are then determined by means 

of mechanical analysis. Based on the thermal stresses determined, the fatigue lifetime of 

the structure is predicted using a fatigue curve from a design code. 
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A coupled CFD-FEM approach to predict thermal fatigue in mixing T-junction connections 

of nuclear reactor have been reported by Hannink et. al., (2008). In the report, a description 

of strategy applicable to specific test case was presented. The demonstrated test case shown 

in Table 2.1 was based on an experiment set up with a temperature difference of 80 °C 

between the hot and cold flow, while Table 2.2 shows the pipe material properties. 

 

Table 2.1: The properties of cold and hot flow  

 Temperature (°C) Diameter (m) Velocity (m/s) 

Cold flow  10 0.14 0.78 

Hot flow   90 0.10 0.76 

Source: (Hannink et. al., 2008) 

 

 

Table 2.2: Material properties of the pipe 

Property Symbol  Value 

Density  ρ 7.9x103   kg/m3 

Thermal conductivity K 15.29  W/mK 

Specific heat capacity Cp 493    J/kgK 

Thermal expansion coefficient Α 15.67x10-6 K-1 
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Young’s modulus E 193   GPa 

Poisson’s ratio Ν 0.3 

Source: (Hannink et al., 2008) 

The CFD simulation method used was LES, which is highly accurate but will require a 

high computational efforts and the simulation package used was FLUENT with 2nd order 

implicit non iterative time advancement scheme. Wall-adopting local eddy viscosity 

(WALE) model was used for LES. Bounded central difference was used for the convective 

term in momentum equation with 2nd order upwind scheme for the energy equation and a 

standard PISO (Pressure Implicit with Split Operator) algorithm for coupling pressure and 

velocity. 

The initial conditions were taken from a well-developed case and the simulation performed 

for 6s of physical time with a time step of 0.001s. Only 2.5s of the flow was used for the 

structural analysis. The results showed snapshots of the fluid temperature and velocity 

fields to visualize the important flow phenomena associated with turbulent mixing. 

The magnitude of the velocity field was also presented. The temperature profile was 

observed as a smooth curve, meaning that the mesh of the structure was fine enough to 

describe the penetration of the temperature fluctuations in the pipe wall properly. The 

temperature fluctuations at the interface were in line with the temperature fluctuations in 

the rest of the wall as shown in Figure 2.2. 
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Figure 2.3: Temperature fluctuations at the interface and temperature fluctuations in the 

rest of the wall (Hannink et. al., 2008) 

 

2.4.2  Computational Tools and Methods for Analyzing Thermal Fatigue 

Temperature fluctuations are imposed as thermal loads in the FEM-model of the structure. 

The coupled CFD-FEM presented by Hannink et al., (2008) was established by user written 

interface between FLUENT and ANSYS to determine the stresses induced in the pipe.  

Temperatures from the CFD simulation was used as thermal loads in the FEM analysis 

using the FEM program ANSYS. The stress calculation was carried out for the part of the 

pipe in the mixing region which is important for the fatigue analysis. The stress calculation 

was performed with a time step of 0.020 s and for a total simulation time of 2.5 s. The 

temperature fluctuation in the structure for the simulation period varied between -11.8 °C 

and 11.4 °C. The stress intensity distribution was similar to that of the temperature since 
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they are both connected by a linear relation. Based on the stresses determined in FEM, a 

fatigue analysis was carried out which was referenced to ASME Boiler and Pressure Vessel 

Code (Hannink et al., 2008). 

Jhung (2013) pointed out the need to study thermal fatigue evaluation of piping system’s 

T-Junction connections using CFD models. An example is Fluid Structure Interaction 

(FSI), which was used in his analysis. Though common fatigue related problems are 

understood and controlled by plant instrumentation at fatigue susceptible locations, 

incidents that indicate that certain T- Junction piping system connections are susceptible 

to temperature mixing effects are not well monitored by common thermocouple 

instrumentations. Hence the need to use numerical analysis and algorithms in computing 

problems associated with fluid flow in a component and further predicting the thermal load. 

Numerical simulations of thermal fatigue in a mixing Tee has been studied by Aulery et 

al., (2010) where the Phoenix Tee configuration has been evaluated through thermal 

hydraulic simulations using both RANS and LES methodology. The simulation was 

performed using Fluent coupled between liquid and solid heat equation on mesh with 4.8 

million tetrahedral prism cells. Flow rate of 800 kgs-1 and Reynolds number (Re) of 6x106 

was used for the main cold sodium inlets of 610 K temperature and flow rate of 7 kgs-1 and 

Re of 5x105 was used for the second hot branch inlet at temperature of 700 K. The behavior 

of the hot jet within the main branch was well captured by both RANS and LES 

simulations. The mean temperature profiles at the wall past the hot injection pipe was well 



18 

 

represented by the calculations with a very close agreement with the LES calculations as 

shown in Figure 2.4: 

 

Figure 2.4: Mean temperature at wall past the hot injection pipe (Aulery et al., (2010) 

 

It was concluded that, the simulation calculations was able to correctly reproduce the main 

characteristics of the turbulent mixing of two flows in a Tee junction of the Phoenix reactor 

and it demonstrates the ability of turbulent flow simulations to give valuable information 

for the evaluation of the thermal fatigue risk. 

Tawade et al., (2015) reviewed thermal stress in mixing junction using Fluid Structure 

Interaction (FSI). The study was performed using FSI analysis and the temperature 

distribution at different zone determined using thermal hydraulic system analysis. Two 

bodies were created for the analysis; a solid body that is the pipe created in modeling 
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software and a second body which is the fluid flowing through the pipe. The meshed model 

was transferred into CFD software and the inlet and velocity constraint were imposed and 

the model was then solved for the transient analysis. Based on temperature transient in the 

piping walls obtained from the CFD computations, the thermal stress was calculated. The 

pipe geometry model created is transferred into the structural analysis. The pipe was 

meshed using structural meshing and the transfer of the thermal results from the CFD 

computation was done through FSI analysis mapping of nodes and elements. The results 

was directly imported and imposed on the pipe body. The corresponding stress analysis 

and the response characteristics of the T-junction subjected to the mixing effects 

investigated were found maximum at the joint contact.  

The effect of branch pipe diameter in thermal mixing of a T-junction pipe has also been 

studied by Ayhan & Sökmen (2013). They studied the need to characterize temperature 

fluctuation in order to estimate the lifetime of pipe material. Several experiments and 

computational study conducted showed the most likely distance that thermal fatigue can 

occur in the two main pipe diameters at downstream after mixing. The study described the 

effects of branch pipe when the main pipe was constant in the geometry. Calculations were 

performed using different pipe diameters with the same flow rate conditions. The hot 

branch hydraulic diameter was changed, whilst the mass flow rate and the cold branch 

hydraulic diameter was held constant. Analysis was done to determine the effects of these 

conditions on the frequency and magnitude of the temperature fluctuations. Comparative 
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analysis was done for all cases. Detailed analysis was performed based on a previous work 

which showed the most probable distance of the two main diameters of 20 m at downstream 

after the junction where thermal fatigue occurs. LES turbulence model was chosen for 

turbulence calculation with filtered Navier-Stokes equation being used to solve the 

turbulence in Large Eddy Simulation (LES) as unsteady turbulent approach.  Small eddies 

were modelled using the sub grid-scale (SGS) model and the large scale eddies solved by 

using the filtered Navier-Stokes equation. Three different test cases were simulated; the 

geometry and boundary conditions are shown in Table 2.3. 

 

Table 2.3: Simulated test cases, geometry and test conditions. 

 Hydraulic 

Diameter 

Temperature 

(°C) 

Volumetric 

Flow Rate (l/s) 

Re (x105) 

 

Main Duct 140 19 9 0.622 

Branch Duct 80 36 6 1.055 

 100 36 6 0.842 

 120 36 6 0.704 

Source: (Ayhan & Sökmen, 2013)      

The non-dimensional (normalized) and root mean square (rms) values reported in the study 

were calculated from equation 2.1 (Ayhan & Sökmen, 2013);  

coldhot

cold

TT

TT
T




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
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avgirms TT
N
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where N: is the number of instantaneous temperature at a given location and T is the local 

and instantaneous fluid temperature. The normalized ( *T ) and rms ( *T rms) values 

obtained from 3 cases were presented. For each test case, information about thermal fatigue 

were obtained from the magnitude and intensity of thermal load represented by the 

frequency of temperature fluctuation. The mean and vertical velocity distribution gave 

information about the hydraulic conditions of the flow. It was concluded that as the branch 

duct hydraulic diameter increases, the velocity or momentum ratio decreases, magnitude 

of thermal load decreases, on the other hand, intensity of thermal load does not change, the 

length required to reach hydraulic equilibrium ɭhe decreases but the length required to reach 

thermal equilibrium ɭte increases. The magnitude of thermal load is dependent on 

temperature difference between the fluids. Temperature fluctuation becomes considerably 

important if their magnitude is high. The results also provided information about the 

lifetime of mixing T-junction connection exposed to the thermal load.  

Recent models such as LES, Scale Adaptive Simulation (SAS) and combined models have 

been examined to assess fluid temperature fluctuations by Nakamura et al (2015). 

Numerical simulation evaluation methods and influencing factors such as turbulence 

models, computational meshes and inlet conditions have been reviewed. Knowing which 

turbulence model is applicable to represent temperature fluctuation is important because it 

affects the flow patterns related to the flow mechanisms. 
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2.4.4 Parameters Influencing Thermal Fatigue 

Thermal fatigue is dependent on both mean and turbulent flow parameters such as; 

velocity, temperature, turbulent kinetic energy and turbulent dissipation rate. 

Flow velocity is a vector field quantity used to express the motion of continuum. Mean 

horizontal and vertical velocity distributions give information about hydraulic conditions 

of flow. According to Ayhan & Sökmen (2013), heat transfer area increases as the velocity 

of branch inlet flow increase due to rapid mixing. Thermal mixing therefore takes place at 

a relatively short distance after meeting of streams on increasing velocity. Hence after the 

T-Junction, the fully developed condition is disturbed. 

Stress and stress intensity factors are analysed under fluid temperature fluctuations. The 

magnitude of temperature fluctuations gives information about the magnitude of thermal 

load and subsequently, the thermal fatigue related failure (Ayhan & Sökmen, 2013). 

In turbulent flow, the mean kinetic energy associated with eddies is known as Turbulent 

kinetic energy (TKE). Methods of resolving TKE is dependent on the turbulence model 

used. TKE is a fundamental flow property required for fluid turbulence modeling. 

 

2.5 Turbulence models 

Turbulence is characterized by chaotic property changes (Babiano et al., 1994). Turbulent 

flows are computed using different approaches. It can be computed either by using suitable 
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models for turbulent quantities using Reynolds Averaged Navier-Stokes equations or by 

computing them directly. The main approaches using Reynolds Averaged Navier-Stokes 

equation are EVM, NLEVM, DSM, LES DNS and RANS. 

 

2.5.1 Eddy-viscosity Model (EVM) 

The eddy viscosity model is developed from the turbulent transport equation (k + one other 

quantity). The turbulent stress for EVM is proportional to the mean rate of strain (Sodja, 

2007). EVM assumes a Boussinesq relationship between the turbulent stresses and mean 

strain rate tensor through the use of isotropic eddy viscosity (Rumsey & Gatski, 2003). 

 

2.5.2 Non Linear Eddy Viscosity Model (NLEVM) 

For NLEVM, the turbulent stress is modeled as a nonlinear function of mean velocity 

gradient. The turbulent scales are derived from the transport equation (k + one other 

quantity). NLEVM models assumes a higher order tensor representation comprising of 

powers of the mean velocity gradient or combinations of the mean strain rate and rotation 

rate (Rumsey & Gatski, 2003). 
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2.5.3 Differential Stress Models (DSM) 

DSM is composed second order closure models (SOC) or Reynolds-stress transport models 

(RSTM). DSM requires that transport equations be solved for all turbulent stresses (Sodja, 

2007).  

 

2.5.4 Large eddy simulation (LES) 

With LES, time varying flow is computed while sub-grid-scale motions are modeled thus 

Large eddies are computed directly, while small scale eddies are modeled (Sodja, 2007). 

 

2.5.5 Direct numerical simulation (DNS) 

No modelling is applied in DNS and it is required to resolve the smallest flow as well 

(Sodja, 2007). DNS is numerical solving of Navier-Stokes and continuity equation. 

The time steps and space grid and time steps in LES may be longer than in DNS. Therefore 

in terms of computational power requirement, LES is more economical in than DNS 

(Sodja, 2007). Using models by computing fluctuation quantities have the ability to provide 

better results because they resolve shorter length scales than models using RANS 

equations. However they have a demand of much greater computer power than those 

models applying RANS methods (Sodja, 2007). 
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2.5.6 Reynolds Averaged Navier-Stokes (RANS) 

The RANS equations are time averaged of motion for fluid flow. Based on the properties 

of the flow turbulence, the RANS equations, can be used with approximations to give 

approximate averaged solutions to the Navier-Stokes equations (Pope, 2000). The basic 

requirement for deriving the RANS equation from instantaneous Navier-Stokes equations 

is the Reynolds decomposition, which is the separation of the flow variables into mean and 

fluctuating component. 

All variables describing flow, fluid’s density (ρ), velocity components (v), pressure (p) and 

components of viscous stress tensor ( ij ) are decomposed into their mean and fluctuating 

components and integration over time  (time-averaging) is performed.  

The RANS equation is given in eq. (2.3) (Pope, 2000); 
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This equation describes the effects of turbulence on mean flow characteristics.  

The instantaneous velocity and pressure is expressed in equation (2.4) and (2.5) 

respectively as (Pope, 2000);   

u = iu + 
'
iu          (2.4) 
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p = p  + 
'p          (2.5) 

where; u is the instantaneous velocity, iu  is the mean component velocity, 
'
iu  is the 

fluctuating component velocity, P is the instantaneous pressure, p  is the mean component 

pressure and 
'p  is the fluctuating component pressure. 

iu = iu (x, t),  p  = p (x, t) and 
''
jiuu = 

''
jiuu (x, t); are dependent variables which are function 

of space and time. x = (x, y, z), where x is the position vector. 

The last term in equation (2.3) is known as Reynolds stress tensor, it represents the 

correlation between fluctuating velocities. Turbulence effects on the mean flow are lumped 

into this single term by the process of averaging, this enables a great savings in terms of 

computational power requirements (Narasimhamurthy, 2004). 

The difference between RANS and URANS is that an additional unsteady term is present 

in the URANS momentum equation (Salim et al., 2011). 

The URANS equation is given in eq. (2.7); (Salim et al., 2011). 
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It is known as Unsteady-RANS since the transient term is retained during computation. 

Therefore the results from the URANS are unsteady (Narasimhamurthy, 2004). 

The time-averaged velocity is denoted as;  iu which means that the results from URANS 

can be decomposed as a time averaged part  iu , a resolved fluctuation
"
iu , and the 

modelled turbulent fluctuation
'
iu . Equation (2.4) therefore becomes equation (2.8). 

 

u = iu + 
'
iu  =  iu + 

"
iu  + 

'
iu        (2.8) 

 

Appropriate models used for solving both mean and turbulent flow properties is selected. 

Turbulence sensitivity analysis is necessary to arrive at a suitable turbulence model to be 

used. The two possible turbulence models considered for the URANS models were be, k-

epsilon model and k-omega models.  

 

2.5.6.1  K-epsilon model 

The K-epsilon model is a two equation turbulence model with two extra transport equations 

which represent the turbulent flow properties. This accounts for history properties such as 

diffusion of energy (Schatz, 2004). It is a commonly used turbulence models, though it 

doesn't perform well in large adverse pressure gradients (Bakker, 2002).  

Standard K-epsilon model solves the transport equations for turbulent kinetic energy (k) 

and its dissipation (ε). The turbulent kinetic energy equation is given in equation (2.9) and 
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turbulent dissipation expressed in eq. (2.10); (Wilcox, 1998; Bardina et al., 1997; Lauder 

et al., 1974; Jones et al., 1972) 
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The turbulent dissipation equation is expressed as; 
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where;  
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iu  represents the velocity component in corresponding direction 

2SP tk              (2.12) 

where S is the modulus of the mean rate of strain tensor and is given in equation (8); 

jiij SSS ,2            (2.13) 

The effect of buoyancy is defined as; 
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Where tPr  is turbulent Prandtl number for energy and ig  is the component of the 

gravitational vector in that direction. 
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The coefficient of thermal expansion , is defined as; 

PT
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
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1
         (2.15)   

Model constants are given as; 

44.11 C , 92.12 C , 09.0C , 0.1k and 3.1  

3C  depends on the literature reference and is meant to be used only with Pb term. 

The scale of the turbulence is determined by; turbulent dissipation (ε), whereas k, 

determines the energy in the turbulence (Schatz, 2004). 

K-epsilon model is known to be useful for free-shear layer flows with relatively small 

pressure gradients, it has been proven experimentally that, accuracy is reduced for flows 

with large pressure gradients (Bardina et al., 1997).  

 

2.5.6.2  K-ω model 

The K-omega (K-ω) model is also a two equation model, ω is an inverse time scale 

associated with the turbulence (Bakker 2002 & Fluent Inc. 2002). The first and second 

transport variables are turbulent kinetic energy k and specific dissipation, ɷ respectively. 

The scale of turbulence is determined by the specific dissipation, whereas the energy in the 

turbulence is determined by the kinetic energy.  
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The specific dissipation , is related to k through the kinematic viscosity by the equation; 




k
T                       (2.16) 

where the turbulence kinetic energy equation is given in eq. (2.17) and specific dissipation 

rate expressed in eq. (2.18); (Wilcox, 988) 
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The specific dissipation rate is also expressed as; 
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where; 
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5
 , 
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9
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2

1
 , 

2

1
  and k   

The turbulent viscosity ( t ) is then calculated by equation (2.19): 




k
t            (2.19) 

where is   the density of fluid. 
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Both K-ω model and k-ε model assumes μt to be isotropic. (Bakker 2002 & Fluent Inc. 

2002). 

 

2.5.6.3  SST k-ω Turbulence Model 

SST k-ω turbulence model (Menter, 1993) is an eddy-viscosity turbulence model with two 

extra transport equations. The model uses k-ω formulation in the inner parts of the 

boundary layer which enables the model to be directly used down to the wall through the 

viscous sub-layer. SST k-ω model can therefore be used without any extra damping 

functions in low Reynolds number turbulence modeling. The model switches to a k-ε 

behaviour in the free-stream hence it is not sensitive to the inlet free-stream turbulence 

properties which is a major k-ω problem. According to Schatz (2008), SST k-ω model is 

often merited for its good behaviour in adverse pressure gradients and separating flow. In 

regions with large normal strain for instance, stagnation regions and regions with strong 

acceleration, SST k-ω model produces large turbulence levels which is less pronounced 

compared to a normal k-ε model.  

The specific dissipation , is related to k through the kinematic eddy viscosity by equation 

(2.20); 
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The turbulence kinetic energy equation is given by equation (2.21) and the specific 

dissipation expressed in eq. (2.22); (Menter, 1994 & 1993) 
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The specific dissipation rate is also expressed as equation (2.22); 

   
iij

T

jj

j
xx

k
F

xx
S

x
U

t 





































 










1
12 21

22  (2.22) 

where F1 is defined as; 
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and kCD  is expressed as; 
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The quality of numerical simulation is increased by successful modeling of the turbulence. 

The complex nature of the different turbulence models vary depending on the parameters 

being observed or investigated. These complex behaviors of the turbulence models are as 

a result of the nature of the Navier-Stokes equation (Sodja, 2007). 

 

2.6 RANS methods for computing parameters affecting thermal fatigue 

 

In an attempt to predict temperature fluctuations using steady-state RANS simulations, 

Manera et al., (2009) presented a study on using RANS for prediction of temperature 

fluctuations in the estimation of thermal fatigue. The study was validated against a T-

junction experiment performed at the Paul Scherrer Institute. Mixing pattern between water 

streams was measured, which served as transport scalar fluctuations for validating the 

theoretical model.  The Reynolds stress was solved and the advantage of the approach used 

was the significant lower computational power requirements compared to LES and 

unsteady RANS. For a more complex geometry, alternate methods based on efficient 

steady state RANS models needs to be considered. The application of temperature 

fluctuation transport model, coupled to a Reynolds stress model is a promising approach. 

The basis of this model is the second averaging of the scalar transport equation resulting in 

an additional transport equation for the RMS of the scalar. For comparison with 

experimental data, a dimensionless scalar was defined from both calculated temperature 

and measured conductivities assuming that both physical quantities behaved similarly vis-
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à-vis turbulent mixing. The simulation was performed in ANSYS CFX 11.0 with the SSG 

and the Baseline (BSL) Reynolds stress models adopted.  

The advantage of BSL model is the accurate near-wall treatment, which is of importance 

for wall-bounded flows as the one being investigated. SSG and BSL Reynolds stress 

models combined with a transport equation for the scalar fluctuations were presented and 

compared. It was clear from the 2D velocity distribution that both models reproduced the 

scalar distributions and the RMS profiles correctly, however the axial extension of the 

recirculation region, where the two vortexes were present were over predicted, though the 

BSL model led to slightly better prediction of the velocity profile. 

Turbulent diffusion were under predicted in both transport scalar and momentum. For the 

effects of turbulent dissipation, the calculated scalar profiles for both models indicated an 

underestimation of the turbulent mixing. The underestimation of the turbulent mixing was 

due to a too low turbulent kinetic energy. Modification of the turbulent Schmidt number 

improves predictions of the scalar distribution by means of RANS and URANS simulations 

since it has a direct influence on the turbulent diffusion coefficient.  

In the assessment of thermal fatigue of large components, Reynolds stress turbulent models 

combined with scalar fluctuation transport equations offers great advantage over LES 

simulations or unsteady RANS. Combining the fluctuations scalar transport equation with 

a suitable equation for the turbulence dissipation is necessary to yield satisfactory results. 

Frank et al., (2010) carried out simulation of turbulent and thermal mixing in T-junction 

using URANS and scale resolving turbulence models in ANSYS CFX. Turbulent 
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isothermal and thermal phenomena were investigated in two different scenarios. The first 

test case scenario was based on what was proposed by ETHZ, Prasser et al., (2002), the 

setup comprised of turbulent mixing of two water streams of equal temperature in a T-

junction of 5-mm pipes in the horizontal plane, thereby excluding buoyancy effects. The 

objective of the research was to investigate grid independent CFD solutions for 

RANS/URANS approaches using SST and BSL RSM turbulent models. The second test 

case was based on the Vattenfall test facility in the Alvkarleby laboratory and as proposed 

by Westin et al., (2007), water of 15º temperature difference flow in and mix in a T-junction 

in vertical plane triggering thermal stripping phenomena. The main parameters for the test 

case was given as shown in Table 2.4; 

 

Table 2.4: Test case parameters 

Parameter Value 

Flow rate in branch pipe (Q1, hot water) 12 [l/s] 

Flow rate in main pipe (Q2, cold water) 24 [l/s] 

Mean bulk velocity in branch pipe 1.53 [m/s] 

Mean bulk velocity in main pipe 1.56 [m/s] 

Reynolds number for hot leg 1.9x105 
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Reynolds number for cold leg 1.9x105 

Hot water temperature 30.0 [°C] 

Cold water temperature 15.0 [°C] 

Source: (Frank et al., 2010) 

 

For both test cases, ANSYS CFX 11.0 with Reynolds averaged based URANS turbulent 

models (SST, BSL, RSM) with scale resolving SAS-SST turbulent was applied. The 

simulations were carried out with time step Δt of 0.001s, using second order backward 

Euler time discretization for the transient URANS SST and SST-SAS simulation. The 

convergence criterion was based on maximum residuals of 10-4 at every time step with 3-

5 coefficient loops. High resolution advection scheme was applied for the spatial 

discretization of momentum equation. The solutions obtained with the URANS SST model 

was used as an initialization for the further transient investigations using the scale resolving 

SST-SAS turbulence model. This approach has the advantage of considerable lower 

computational requirement compared to LES therefore allows application to more complex 

and lager geometries.  
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2.7 Recent techniques for predicting thermal fatigue. 

Early Researchers in the field, (Westin et al., 2008; Manera et al., 2009) were emphatic 

about the fact that, the most widely used Reynolds Averaged Navier-Stokes (RANS)  

methodology exhibits difficulties in predicting accurately turbulent mixing in T-junctions. 

Recently used numerical tools such as LES and DES which shows fairly good predictions 

of mean and the wall temperature. 

The status of LES CFD for Nuclear Reactor Safety (NRS) Analysis has been reviewed by 

Kerntechnik (2011) where it has been stated that, provided best practices are observed, 

LES predicts bulk thermal mixing with good accuracy. Jayaraju et al., (2010) performed 

LES on a T-Junction to analyze the possiblity of wall functions to accurately predict 

thermal fluctuations acting on pipe walls. The model used in the LES solver was validated 

by the OECD/NEA T-junction benchmark test case. There was a good agreement of wall 

function based simulation with the wall resolved approach for the bulk velocity and 

temperature field. Corresponding root mean square (RMS) components were consistently 

under estimated close to the wall boundaries. LES with very fine meshes to capture 

turbulent eddies near the wall or direct numerical simulation may show good result 

however their calculation time and power are unrealistic. 
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2.8 STAR‐CCM+ simulation for predicting parameters affecting thermal fatigue 

Codes available for performing simulations includes STAR‐CCM+. STAR‐CCM+ has 

been used in the OECD/NEA T‐Junction Blind Benchmark exercise to test the capabilities 

of state of the art CFD codes in accurately predicting important parameters affecting 

thermal fatigue as reported by Jayaraju et al., (2011) in the STAR European conference. 

Conditions at the inlets boundary were provided in the benchmark as flow rate, Qhot = 6 Ɩ/s, 

Thot = 36 °C, turbulence intensity (TI) = 0 % and Qcold = 9 Ɩ/s, Tcold = 19 °C, TI = 0 %. Data 

at locations downstream the mixing T-Junction were presented. The turbulence model used 

was Large Eddy Simulation, Wall-adopting local eddy viscosity (WALE) model was used 

for LES with 2nd order implicit temporal discretization.  

Bounded central difference formula was used for the spatial discretization with upwind 

blending factor of 0.1. The snapshots of the fluid instantaneous temperature are shown in 

Figure 2.5. Mean and rms temperatures at 2.6 diameters downstream of mixing zone and 

velocity (Mean and rms velocities at 2.6 diameters) fields to visualize the important flow 

phenomena associated with turbulent mixing. The magnitude of the velocity field is also 

presented in Figure 2.6. 
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Figure 2.1: Fluid temperature distribution (Jayaraju et. al., 2011). 

 

 

Figure 2.2: Fluid velocity distribution (Jayaraju et. al., 2011). 
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The study showed generally good agreement between experiments and LES predictions, 

LES was very much suitable for thermal fatigue predictions and were very pleased with 

the capabilities of STAR-CCM+. It is clear, that models computing fluctuation quantities 

have the ability to provide better results because it resolves shorter length scales than 

models solving RANS equations, hence demand greater computer power. 

 

2.9  Numerical Approach 

The method used follows that employed for all computational fluid dynamic simulations, 

namely: Pre-processing, Solution and Post-processing. 

During the pre-processing stage, geometry generation, mesh generation and physics set-up 

were considered. 

 

2.9.1  Geometry / Meshing Models 

The geometry model can be created in STAR-CCM+ or any third party software and 

imported into STAR-CCM+. The modified model of the geometry used in the experimental 

analysis is generated using 3D-CAD (3Dimensional-Computer Aided Design) tools in 

STAR-CCM+.To be able to compute, the software needs to discretize the 3-dimensional 

geometry model into very small pieces called cells. Converting the 3-dimensional model 

in to these cells is called meshing (Garlapati, 2012).There are different meshing strategies, 
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and each one is suited for one or other application (CD-adapco, 2008&User Guide STAR-

CCM+, 2013). The domain will be discretized by the application of surface meshing model, 

polyhedral meshing model and extruder meshing model. Meshing feature in STAR-CCM+ 

is explained in subsequent sub-sections; 

 

2.9.1.1  Surface Meshing Model 

A surface mesh that is imported from a CAD package or some other third party pre-

processing software is the starting point for all the mesh models in STAR-CCM+. Quality 

of surface mesh can vary greatly from one package to another. Typical problems that can 

be encountered include: Holes and gaps, multiple edges, Poor triangulation (needles cells), 

Mismatched edges, Self-intersection and Sharp angle folds (Garlapati, 2012). 

Small number of problems can be manually repaired whereas more extensive problems, 

will require the two automatic tools that are available to eliminate the above problems and 

improve the overall quality of the starting surface mesh imported into STAR-CCM+ 

(Garlapati, 2012). The two tools are; surface wrapper and surface remesher. The initial 

surface is wrapped to provide a closed surface mesh from a complex geometry using 

surface wrapper and it comes with a tool for leak detection and is usually used in 

conjunction with the surface remesher (CD-adapco, 2008; User Guide STAR-CCM+, 

2013). The initial surface is remeshed using Surface Remesher to provide a quality 
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discretized mesh that is suitable for CFD based on a target edge length that the user 

specifies (CD-adapco, 2008&User Guide STAR-CCM+, 2013). 

Volume mesh is generated using polyhedral meshing model which is composed of 

polyhedral-shaped cells. Polyhedral meshing model compared to an equivalent tetrahedral 

mesh is numerically more stable, less diffusive and more accurate than (CD-adapco, 2008). 

 

2.9.1.2  Optional Meshing Model 

An optional Meshing Model is the prism layer mesher, which adds prismatic cell layers 

next to wall boundaries. The core mesh is projected back to the wall boundaries to create 

prismatic cells. According to CD-adapco (2008), the prismatic cell layers help capture the 

boundary layer, turbulence effects, and heat transfer near wall boundaries. These layers of 

prismatic cells are generated next to wall boundaries to enhance the accurateness of flow 

solution. Prediction of flow characteristics, for instance, drag or pressure drop is dependent 

on resolving the velocity and temperature gradients normal to the wall.  

 

2.9.1.3  Extruder Meshing Model 

Extruder meshing model is normally used for inlet and outlet boundaries, to extend the 

volume mesh beyond the original dimensions of the starting surface, so that a more 
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representative computational domain is obtained (CD-adapco, 2008 & User Guide STAR-

CCM+, 2013). 

After a working mesh based on the limits of the computational resource available is 

obtained, the appropriate physics models will be selected. Taking a critical look at the 

existing research, the strategy and selection criteria adopted for this work is presented in 

the next chapter. 
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CHAPTER THREE 

RESEARCH METHODOLOGY 

 

3.1 Introduction 

Chapter three outlines the procedures adopted to achieve the aims spelled out in chapter 

one. The meshing and physics models explained in the section three were applied and the 

geometries for this study presented. This research work is accomplished by performing 

numerical simulation using STAR-CCM+ based on an experimentation performed in 

Älvkarleby Laboratory of Vattenfall Research and Development. The experimental set up 

and the simulation approach are presented. 

 

3.2  Experimental Setup by Älvkarleby Laboratory of Vattenfall Research and 

Development 

Although the experimental analysis will not be carried out in this research, simulation data 

obtained in the present work will be validated with data obtained from the Vattenfall 

experimental test rig shown in Figure 3.1. 

 

 

 

Figure 3.1: Side View of Vattenfall test rig (Westin, 2007). 
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Temperature fluctuations were recorded using thermocouples (TCs) located 1 mm from the 

wall at seven positions downstream of the T-junction as shown in Figure 3.2. 

 

 

Figure 3.2 Thermocouple locations of the experimental rig (Westin, 2007). 

From the data obtained, the normalized temperature was determined by equation 2.1. 

 

3.2.1  Upstream Measuring Boundary Conditions 

The working fluid in this test is de-ionized tap water at cold temperature of 19 °C and hot 

temperature of 36 °C. The volumetric flow rates used in the benchmark tests are shown in 

Table 3.1 together with the locations where the temperature and velocity distributions over 

the pipe cross-sections were measured.  
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Table 3.1: Inlet Temperature and Flow Rates 

Inlet/Designation Temperature 

(°C) 

Pipe 

diameter 

(mm) 

Measuring 

location 

(mm) 

Volumetric 

flow 

(litres/s) 

 

Main/InCo 19 140(D2) -420 (-3D2) 9.0 

 

Branch/InHo  36 100(D1) -310 (-3.1D1) 6.0 

 

 

3.2.2  Downstream Measurements 

With reference to Figure 3.2, the inside diameter of the main pipe was 140 mm (D2). 

Thermocouples of 0.13 mm diameter were placed approximately 1 mm from the inner pipe 

wall at position x = 2 D2, 4 D2, 6 D2, 8 D2, 10 D2, 15 D2 and 20 D2.Velocities were measured 

using Particle Image Velocimetry (PIV) at position x = 1.6 D2, 2.6 D2, 3.6 D2, and 4.6 D2 

along two lines perpendicular to the flow. Mean flow, Root Mean Square (RMS) 

fluctuations and Reynolds stresses were computed at all four downstream locations. The 

downstream data obtained were used for comparison against numerical predictions 

performed in the research work. 
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3.3  STAR-CCM+ Simulation of Thermal Mixing 

The major activity to be conducted in this work is the numerical solution of the research 

problem by using computational fluid dynamics code STAR-CCM+. The solution will then 

be monitored and steered until convergence. Finally, data obtained will be plotted using 

various visualization techniques and vivid analysis to trends will be presented. 

 

3.3.1  Geometry Model 

The geometry used in the experimental analysis was modified and generated using the 3D-

CAD (Three Dimensional-Computer Aided Design) tools in STAR-CCM+. The 

dimensions of the computational flow domain considered are shown in Figures 3.3, 3.4, 

3.5 and 3.6. 

 

Figure 3.3: 0o Junction Pipe Geometry model 
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Figure 3.4: -15o Junction Pipe Geometry model 

 

 

 

Figure 3.5: -30o Junction Pipe Geometry model 
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Figure 3.6: -45o Junction Pipe Geometry model 

 

3.3.2  Discretization of the domain 

The 3-dimensional geometry model was discretized into very small pieces called cells by 

the application of surface remesher meshing model, trimmer meshing model and prism 

layer meshing model. 

                              

(a)                                                                                       (b) 



50 

 

      

(c) (d) 

Figure 3.7: Meshed Domain; Mixing-Junction (a), inlet (b) & (c), outlet (d) 

 

 

3.3.3  Physics Models 

Appropriate models used for solving both mean and turbulent flow properties for the 

problem considered were selected from a list of models available in STAR-CCM+. 

Thermal striping is intrinsically unsteady and hence not accessible to steady state 

simulation approaches such as steady state Reynolds-averaged Navier-Stokes (RANS) 

models. Consequently, unsteady RANS was considered. Turbulence model is one of the 

important factors influencing the reproduction of the temperature fluctuation caused by the 

vortices downstream from a T-junction (Tawade & Suryavanshi, 2015) and as such, a 

turbulence sensitivity analysis was performed to arrive at an appropriate turbulence model 

that would accurately predict the experimental data. The two turbulence models to be 
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considered for the URANS models were, k-epsilon model and k-omega models. Table 2.2 

shows the potential physics models that would be considered for a flow problem. 
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SST k-ω model 

Table 3.3:  Physics model Equations considered for the flow problem – Analysis Equations 
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Table 3.4:  Model specifications used in the flow Problem 

MODEL MODEL SPECIFICATION 

Space Model 3-Dimensional 

Time Model Implicit Unsteady 

Energy of State Model Constant Density 

Flow Model Segregated Flow 

Energy Model Segregated Fluid Isothermal 
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Viscous Regime Model Turbulent 

Turbulent Model K-epsilon model/K-Omega 

Wall Function High y + wall Model 

Convection Scheme 2nd Order Upwind 

 

3.3.4  Initial and Boundary Conditions 

Figure 3.8: Initial and Boundary Conditions 

Average values of turbulent intensity data used for the experimentation were adopted for 

the inlets. The inlet conditions were specified as; 

• Hot fluid inlet Volumetric flow rate : 6 Ɩ/s 
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• Cold fluid inlet Volumetric flow rate : 9 Ɩ/s 

• Hot fluid inlet temperature : 36 oC 

• Cold fluid inlet temperature : 19 oC 

A mass flow boundary condition were be imposed at both cold and hot inlet of the mixing-

junction and a pressure boundary condition imposed at the outlet. Adiabatic condition was 

imposed on the wall surfaces. A non-slip condition was adopted for all the walls.  

The temperature specification at both inlets were varied as indicated in Table 3.5.  

 

Table 3.5: Test case Parameters 

THOT, 

(°C) 

TCOLD, 

(°C) 

 

Temperature 

difference, 

(ΔT) 

Angle of 

inclination 

THOT (TI) 

TCOLD 

(TI) 

Case 

36 19 17 0˚ 0.0207 0.0185 1 

36 19 17 15˚ 0.0207 0.0185 2 

36 19 17 30˚ 0.0207 0.0185 3 

36 19 17 45˚ 0.0207 0.0185 4 
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The hot pipe will then be inclined at angle -15˚ and -30˚ to the vertical. For all the test 

cases, the flow rate at both hot and cold inlet will remain unchanged from that applied in 

case 1 (for the experiment). 

After simulating all the test cases presented for a physical time of 10 seconds, the results 

are presented and discussed in the chapter that follows. The numerical simulation of flow 

parameters contributing to thermal fatigue at the mixing junction of the different pipes was 

performed for a physical time of 10s with a time step of 0.001 s. In order to ensure a fully 

developed flow conditions in both hot and cold legs prior to mixing, separate simulation 

were conducted for the flow of water in a vertical and horizontal tube (diameter of 0.1 m 

and 0.14 m respectively) having boundary conditions as that of the hot and the cold legs 

respectively. 
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

 

4.1 Flow Temperature Fields 

The results from the exit of the vertical and horizontal tubes shown in Figure 4.1 were 

extracted and imposed as inlets conditions for the varying angles of inclination of the flow 

geometry. 

      

                                    

  

 

 

 

 

Figure 4.1: 3-D Flow Temperature Fields of vertical and horizontal tube; (a) hot leg, (b) 

cold leg 

 

(a) 
(b) 

 

Data was extracted at 0.6, 1.6, 2.6 and 3.5Dcold along the downstream of the mixing 

junction. Figure 4.2 shows a representation of the segments where the data was retrieved. 
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Figure 4.2: Radial positions at which data was extracted
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4.2 Modeling Verification with Experimental Data  

The turbulence models adopted for simulations were the k-omega turbulence model, the k-

epsilon (k- ε) turbulence model and the V2F turbulence model. In order to arrive at a 

suitable turbulence model that better predict the experimental results, a sensitivity analysis 

was conducted. 

The results, from the sensitivity analysis as presented in Figure 4.3 shows a comparison of 

radial velocity distribution obtained at x = 2.6Dcold for both experimental data and STAR-

CCM+ data. As could be observed, there is an overall good agreement between the 

experiment and STAR-CCM+ predictions. 

From the plot, k-ε turbulence model profile showed a close prediction to the experimental 

at 2.6Dcold, the model prediction was better away from the wall boundaries. Its prediction 

in the main flow was in agreement with the experimental but deviated after radial position 

0.01m from the center of the pipe. Relative to the prediction by the other turbulence models 

(SST k-ɷ model.) considered, the k-ε turbulence model poorly predicted the experimental 

results at the wall region.  

The V2F turbulence model prediction also agrees well with the prediction by the k-ε 

turbulence model. In the main flow, the V2F model appreciably predicted the experimental 

data than the k-omega model. However nearer the wall boundary, the V2F turbulence model 

poorly predicted the experimental data than the SST k-omega (k-ɷ) model. 
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Figure 4.3: Plots of velocity distribution at 2.6 D cold for different turbulence models 
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In the main flow the k-ɷ turbulence model prediction at the 2.6Dcold deviated slightly from 

the experimental data when compared with the V2F and k-ε turbulence models. Its 

prediction in the lower section of the pipe agrees with the experimental observation and 

the prediction by the other models but gradually deviated after radial position -0.02m. In 

the upper section of the pipe close to the wall boundary, the model appreciably predicted 

the experimental data than the V2F and the k-ε turbulence models. Fluid temperature 

fluctuation caused by mixing are easily transferred to the structure when mixing takes place 

near the pipe wall boundary and this  detail is important in fatigue analysis. For thermal 

fatigue, the main objective is to accurately predict significant fluctuation of flow variable 

near to the wall boundary. SST K- ɷ turbulent model prediction in the neighborhood of the 

wall boundary as observed was appreciable in relation to the experimental observation. 

Therefore the SST k- ɷ turbulent model was considered as the suitable model for the 

solution of the physical problem under consideration. 

 

4.3 Effect of angle of Inclination 

One of the aims of this study was to investigate the impact of angle of inclination on flow 

parameters that contribute to thermal fatigue at the mixing junction. This was achieved by 

inclining the angle of the branch pipe at 0, negative 15, 30 and 45 degrees anticlockwise to 

the vertical. The temperature results are shown in Figure 4.4 suggests that, the highest 

temperatures were observed at the sharp corner of the mixing junction and propagates 



61 

 

downstream the upper section of the main pipe as was similarly observed and reported by 

Timperi (2014). 

The various flow inclinations were graphically evaluated and was observed that the branch 

angle affected the flow distribution. The influence of the branch angle temperature (inlet = 

309 K) on the boundary wall downstream the mixing junction was more pronounced in 

Figure 4.4 (c) and (d) when compared to temperature (302 K) recorded at the wall boundary 

shown in Figure4.4 (a) and (b). Hence reducing the angle of inclination of branch pipe 

increased the range of the branch pipe to main pipe velocity (vb/vm). Hence there is no 

sufficient time for mixing to take place. 
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                                              (c)                                                                                                    (d)  

 

Figure 4.4: Scalar plots for temperature distribution at varying branch pipe inclination angle (a) 0 degree, (b) 15 

degrees, (c) 30 degrees, (d) 45 degrees                                                                                       

(a) (b) 
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4.3.1 Temperature Distribution  

Figure 4.5 shows temperature distribution obtained at position 0.6Dcold cross section for 

varying angle of inclination of the branched pipe to the vertical axis. There existed 

temperature gradient between the upper section of the pipe and the lower section. Thermal 

stratification was therefore evident in the four diagrams.  

However with the increase in angle of the branch pipe inclination, the hot flow from the 

branched pipe were swept by the cold fluid towards the upper boundary of the horizontal 

pipe downstream especially at 30 and 45 degrees inclination. At 0 degrees, the upper 

boundary registered lower temperature than what was observed at 15, 30 and 45 degrees. 

This implied more effective flow mixing at 0 degrees inclination of the branched pipe than 

at 15, 30 and 45 degrees. 

The comparatively low temperature recorded at the upper section of the pipe at 0 degrees 

indicates low stress propagation through the structural material of the pipe when compared 

to temperatures recorded at 15, 30 and 45 degrees. 

Observations made in Figure 4.5 were confirmed by the comparison of normalized 

temperature at 0.6Dcold for the varying angles of 0, 15, 30 and 45 degrees as shown in 

Figure 4.6. At 30 and 45 degrees the instantaneous temperature recorded at the upper 

boundary of the horizontal pipe are very close in magnitude to the hot leg temperature, (T 

≈ Thot). Hence there is negligible mixing of the cold and hot fluid at these mixing of the 

cold and hot fluid at these inclinations. 
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At the inclination angle of 15 degrees of the branched pipe (hot leg), higher instantaneous 

temperature is recorded at the upper boundary of the horizontal pipe downstream when 

compared to 0 degree inclination of the branched pipe. It could therefore be stated that 

effective mixing of cold fluid with the hot fluid is achieved at 0 degrees inclination to the 

vertical (i.e. 90o to the horizontal). This effective mixing will lead to reduced and uniform 

temperature field at the pipe wall boundary and hence lower thermal stress levels in the 

structural material. 

The effectiveness of the mixing of the cold fluid and the hot fluid along the mean flow can 

be observed in Figure 4.5 and graphically illustrated in Figure 4.6. Similar observations 

were made in the 1.6, 2.6 and 3.5Dcold (See Appendix I). 

. 

 

 

 

 

 

 

 

 

 



65 

 

 

 

 

 

 

 

 

  

 

 

                 

 

 

 

 

Figure 4.5: Temperature distribution at 0.6D cold 

 

 

Fig. (a): 0 degree inclination Fig. (b): 15 degree inclination 

Fig. (c): 30 degree inclination 
Fig. (d): 45 degree inclination 
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Figure 4.6: Dimensionless temperature distribution at 0.6D cold

Radial position (m) 
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4.3.1.1 Thermal Equilibrium 

In thermal mixing, both the magnitude of thermal load and length required to reach thermal 

equilibrium are significant. Information about thermal fatigue related failure can be 

obtained from the magnitude and intensity of thermal load (Ayhan & Sökmen, 2013). 

With increase in the angle of inclination of the branch pipe from 0 degree to 45 degrees 

anticlockwise, the radial length at which thermal equilibrium was reached decreases. This 

is because the vortex (area of effective mixing) that was generated after the hot and cold 

streams meet increases with increase in angle of inclination of the branch pipe.  

While the radial length at which thermal equilibrium is reached for 0 degree to 45 degrees 

decreases, the magnitude of temperature field increases. This can be observed in Figure 

4.7. The magnitude of temperature fluctuations gives information about the magnitude of 

induced thermal load. It is evident that while branch angle decreases, the magnitude of 

thermal load increases but, at the same time, the radial length at which thermal equilibrium 

is reached decreases. The magnitude of the fluid temperature at equilibrium is propagated 

through the material as thermal loads. 
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Figure 4.7: Comparison of dimensionless temperature distribution for; 0 degrees (a), 15 degrees (b), 30 degrees (c), 45 

degrees (d)

(a) 

(c) (d) 

(b) 

Radial position, meter 

Radial position, meter 

Radial position, meter 

Radial position, meter 



69 

 

  

4.3.2 Turbulence Intensity 

 

Figures 4.8 shows a scalar scene of turbulence distribution and Figure 4.9 shows plots of 

turbulent intensity at position 0.6Dcold for varying angle of 15, 30 and 45 degrees to the 

vertical. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 4.8: Scalar scene of Turbulence Intensity distribution at 0.6D cold  

Fig.(b): 15 degree inclination Fig.(a): 0 degree inclination 

Fig.(c): 30 degree inclination Fig.(d): 45 degree inclination 
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Figure 4.9: Turbulence Intensity distribution at 0.6D cold

Radial position, meter 
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It could be observed from figure 4.9 that the turbulence intensity was varying from the 

upper section to the lower section, and decays as it moves towards the upper wall. The 

highest turbulence intensity was recorded when the branch pipe was inclined at 0 degree 

to the vertical with the inclination at 45 degrees recording the lowest turbulence intensity.  

The highest peaks however, was recorded far away from the wall boundary (in the main 

flow). 

 For all four different angles of inclination, the turbulence intensity that was generated at 

the lower section remains nearly constant and is unaffected by the mean flow velocity; 

since the mean flow velocity is nearly constant in the lower section as well.  

On the contrary, moving further downstream the mixing junction (for positions 0.6D, 1.6D, 

2.6D and 3.5Dcold) the peak value of turbulence intensity shifts towards the lower section. 

This is due to more disturbances propagating downstream which leads to uniform mixing 

in the bulk flow and not only in the upper section of the main pipe as shown in Figure 4.9. 

An increase in turbulence intensity leads to an increase in the value of Nusselt number 

(Crowe, 2005), hence an increase in the heat transfer from the fluid to the structure. 

Therefore with 0 degree inclination recording the highest turbulence intensity at the wall 

boundary, it can be deduced that heat transfer from the hot fluid to the cold fluid will be 

effective leading to the attainment of thermal equilibrium and hence reduces the buildup 

of temperature at the wall boundary as compared to what prevails at the other angles of 

inclination.   Increasing the angle of inclination of the branch pipe to the vertical from 0 
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degree to 45 degrees anticlockwise decreases the turbulence intensity and consequently 

decreasing the heat transfer from the hot fluid to the cold fluid. It can however be observed 

that, for the three different positions downstream the mixing junction (1.6D, 2.6D and 

3.5Dcold), that the highest peak of turbulence intensity which was recorded at 0 degree 

inclination occurred far from the wall boundary with the least peak occurring closer to the 

wall boundary as shown in Figure 4.10. 

Moving, downstream the mixing junction, the magnitude of turbulence intensity decreases 

and the highest peak of turbulent intensity shifts from the wall boundary towards the main 

flow and there is a decay in turbulence in turbulence intensity as shown in appendix II. 

Turbulence mixing is therefore more evident at 0 degree inclination angle in comparison 

to the other angles of inclination. 
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Fig.(a): 0 degree inclination Fig.(b): 15 degree inclination 

Fig.(d): 45 degree inclination Fig.(c): 30 degree inclination 

Figure 4.10: Decay of Turbulence Intensity for varying angles of inclination 
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4.3.3 Pressure Distribution 

Pressure loss in a mixing channel is the effort required to achieve effective mixing as 

reported by Kockmann (2007). In order to analyze the mechanism of thermal fatigue, the 

pressure distributions downstream the mixing junction of the different inclinations were 

studied. Figure 4.11 is the comparison of pressure distributions along the centerline in the 

mean flow direction from the mixing junction to the outlet. The results were obtained for 

the 0, 15, 30 and 45 inclination angles.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 4.11: Pressure Distribution downstream the mixing junction for varying angles 

3.5D cold 

0.6D cold 1.6D cold 2.6D cold 3.5D cold 



75 

 

The profile indicates that the pressure at all the various inclinations of the branch pipe 

dropped at the mixing junction and further downstream at an axial length of 0.15 m. The 0 

degree inclination recorded the highest pressure drop with 45 degrees inclination recording 

the least pressure drop. The pressure drop in the mixing process are as a result of 

momentum exchange, friction and heat exchange. The quality of mixing reflects the 

interaction intensity between the two flows and is related to the pressure drop, the better 

the mixing effect, the higher the pressure drop because more energy is consumed in the 

process.   It can be inferred that, the variation in the inclination angles caused differences 

in pressure and energy loss because the liquid velocities entering the main channel was 

constant for all inclinations and pressure drop decreases as the angle of inclination is 

increased hence less effective mixing.  

The intensity of mixing decreases as the liquid flows downstream and the pressure along 

the centerline begins to stabilize. 
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4.3.4 Velocity Distribution 

The simulation results were visualized and the fluid velocity distribution downstream the 

mixing junctions are shown in Figures 4.12.  For position 0.6Dcold, the influence of the 

mixing junction was still seen for all cases considered, the velocities were of a much higher 

magnitude compared to velocity magnitudes at positions further downstream the mixing 

junction. 

Increasing the angle of inclination of the branch pipe to the vertical from 0 degree to 45 

degrees anticlockwise can increase the range of the branch pipe to main pipe velocity 

(vb/vm). As a result, the velocity at 45 degree inclination propagates closer to the wall at 

all positions downstream the mixing junction in comparison to the other angles of 

inclination of branch pipe. This trend decreases with decreasing angle of inclination of the 

branch pipe and it can be observed in Figure 4.13. Other graphical illustrations of this trend 

are reported in Appendix III.  

Higher velocities at the wall boundary means an increase in the heat transfer from the main 

fluid flow to the wall boundary, the flow streams will not have sufficient time to mix and 

there will be higher temperature buildup at the wall boundary. The highest velocity 

magnitude in the main flow was recorded when the branch pipe was inclined at 0 degree 

to the vertical with the inclination at 45 degrees recording the lowest. It can be deduced 

that, rapid mixing takes place in the main flow and heat transfer from the hot fluid to the 
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cold fluid will be effective leading to the attainment of thermal equilibrium and hence 

reduced buildup of temperature at the wall boundary.   

                                    

 

 

 

 

 

 

 

 

 

 

 

 

 

                

 

 

 

 

 

 

Figure 4.12: Velocity distribution at 0.6D cold 

Fig.(b): 15 degree inclination Fig.(a): 0 degree inclination 

Fig.(c): 30 degree inclination Fig.(d): 45 degree inclination 
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Figure 4.13: Velocity distribution at 0.6D cold

Radial position, meter 
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It is shown in figure 4.13 and (as well as Appendix III) that for all four different angles of 

inclination, moving downstream the mixing junction, the velocity magnitude decreased and 

the highest velocity shifted from the wall boundary towards the main flow thereby leading 

to uniform mixing in the bulk flow. 

 

 

 

 

 

 

 

 

 

 

 

 

 



80 

 

4.3.5 Mass Flow rate  

Figures 4.14 and 4.15 show mass flow rate obtained at position 0.2 and 0.4 m respectively 

for varying angle of inclination of the branched pipe to the vertical axis. It could be 

observed that, the flow rate is maximum in the main flow for all angles of inclination of 

branch pipe. Both hot and cold fluid molecules flow possess kinetic energy, the turbulence 

created in the mixing junction increases the kinetic energy of the fluid. The cold water 

sweeps the hot water upwards causing stagnation in the upper section (lower mass flow 

rate).  

 

 

 

 

 

 

  

 

 

 

 

 

Figure 4.14:  Mass Flow rate along main pipe at 0.2 m 

Fig.(a): 0 degree inclination Fig.(b): 15 degree inclination 

Fig.(c): 30 degree 

inclination Fig.(d): 45 degree inclination 
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Moving further downstream the mixing junction, there is bulk flow mixing. It can be 

deduced that, rapid mixing takes place in the main flow and heat transfer from the hot 

fluid to the cold fluid will be effective leading to the attainment of thermal equilibrium.  

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

Figure 4.15:  Mass Flow rate along main pipe at 0.4m 

 
 

 

 

 

 

Fig.(a): 0 degree inclination 
Fig.(b): 15 degree inclination 

Fig.(c): 30 degree inclination Fig.(d): 45 degree inclination 
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CHAPTER FIVE 

CONCLUSIONS AND RECOMMENDAIONS 
 

5.1 CONCLUSIONS 

Numerical simulations of flow parameters contributing to thermal fatigue in a mixing 

junction with different angles of inclination of the branch pipe were conducted using k-

omega turbulence model in STAR-CCM+.  Comparison between dimensionless 

temperature, turbulence intensity, pressure and velocity distribution for the different types 

of branch pipe angles was carried out. The key findings are as follows: 

 After the sensitivity analysis on the turbulence models were carried out, SST k- ɷ 

turbulent model was considered the suitable model and hence used for the solution 

of the physical problem under consideration. 

 The dimensionless temperature registered in the 0 degree inclination  of branch pipe 

were lower at the wall boundary at the upper boundary of the horizontal pipe than 

that observed  in the 15, 30 and 45 degrees branch pipe inclination under the same 

boundary conditions. This implied that, effective mixing of cold and hot fluid which 

led to reduced and uniform temperature field at the pipe wall boundary, were 

achieved at 0 degree inclination of branch pipe; hence lower stress levels could be 

observed in the structural material of the pipe. 
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 The comparison of the velocity gradient near the wall indicates that the heat transfer 

from the main fluid flow to the wall boundary in the 45 degree inclination is much 

higher than that in 0, 15 and 30 degrees inclination of branch pipe, so the differences 

in angle of inclination of branch pipe accounts for the differences in the velocity 

distribution. The effect of higher velocity gradient near the upper wall boundary of 

the horizontal (main) pipe is temperature buildup at the wall boundary. This is due 

to insufficient time for the different flow streams to mix. 0 degree branch pipe 

inclination recorded the highest velocity magnitude in the main flow and lowest 

velocity magnitude near the wall boundary, indicating that, rapid mixing takes place 

in the main flow and heat transfer from the hot fluid to the cold fluid is effective 

thereby leading to the attainment of thermal equilibrium. 

 Zero degree inclination recorded the highest turbulence intensity at the wall 

boundary, thus heat transfer from the hot to the cold fluid is considered effective 

thereby leading to the attainment of thermal equilibrium and hence reduced buildup 

of temperature at the wall boundary as compared to what was obtained at the other 

angles of inclination.   Increasing the angle of inclination of the branch pipe to the 

vertical from 0 degree to 45 degrees anticlockwise decreases the turbulence 

intensity and consequently decreases the heat transfer from the hot fluid to the cold 

fluid. Turbulence mixing is therefore more evident at 0 degree inclination angle in 

comparison to the other angles of inclination. 
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 The pressure drop at 0 degree inclination (T-junction) were much higher than that 

in the 15, 30 and 45 degrees inclination of branched pipe under the same boundary 

conditions, effective mixing will therefore be achieved with 0 degree inclination 

and the least mixing effect with 45 degrees inclination. The quality of mixing 

reflects the interaction intensity between the two flows and is related to the pressure 

drop, the better the mixing effect, the higher the pressure drop because more energy 

is consumed in the process.   It can be concluded that, the variation in the inclination 

angles caused differences in pressure and energy loss because, the liquid velocities 

entering the main channel was constant for all inclinations while pressure drop 

decreases as the angle of inclination is increased hence less effective mixing.  
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5.2 RECOMMENDATIONS  

This research only considered fluid to fluid interaction hence further research should be 

conducted on Fluid Structure Interaction. 

Lower temperatures were employed in this research based on the experimental facility used 

hence   further work may be done with temperature scale up to the operating temperatures 

of PWR and BWR. Operating temperatures relating to proposed supercritical reactors can 

also be investigated. 

In order to study the gradual degradation mechanism, The Department of Nuclear 

Engineering may acquire a structural mechanics code to enhance the determination of 

stresses induced in the pipe by the temperature fluctuations.  
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APPENDIX I 
 

Temperature Distribution at 1.6 Dcold 

 

 

 

 

 

 

 

 

               

 

 

 

 

 

 

 

 

Fig. (a): 0 degree inclination 

Fig. (c): 30 degree inclination 
Fig. (d): 45 degree inclination 

Fig. (b): 15 degree inclination 
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Dimensionless Temperature Distribution at 1.6 Dcold 

  

Radial position, meter 
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Temperature Distribution at 2.6 Dcold 

 

 

 

 

 

 

 

 

 

 

 

               

 

 

 

 

 

 

 

Fig.(a): 0 degree inclination 

Fig.(c): 30 degree inclination 

Fig.(b): 15 degree inclination 

Fig.(d): 45 degree inclination 
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Dimensionless Temperature Distribution at 2.6 Dcold

Radial position, meter 
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Temperature Distribution at 3.5 Dcold 

 

 

 

 

 

 

                

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.(a): 0 degree inclination 

Fig.(c): 30 degree inclination 

Fig.(b): 15 degree inclination 

Fig.(d): 45 degree inclination 
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Dimensionless Temperature Distribution at 3.5 Dcold

Radial position, meter 
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APPENDIX II 

Scalar Scene of Turbulence Intensity Distribution at 1.6 Dcold 

 

 

 

 

 

 

 

 

 

 

 
 

 

  

 

  

 

 

 

 

  

 

Fig.(a): 0 degree inclination Fig.(b): 15 degree inclination 

Fig.(c): 30 degree inclination Fig.(d): 45 degree inclination 
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Turbulence Intensity Distribution at 1.6 Dcold 

Radial position, meter 
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Scalar Scene of Turbulence Intensity Distribution at 2.6 Dcold 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

               

 

 

 

 

  

 

 

Fig.(b): 15 degree inclination 

Fig.(c): 30 degree inclination 

Fig.(a): 0 degree inclination 

Fig.(d): 45 degree inclination 
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Turbulence Intensity Distribution at 2.6 Dcold 

Radial position, meter 
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Scalar Scene of Turbulence Intensity Distribution at 3.5 Dcold 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

Fig.(a): 0 degree inclination 

Fig.(c): 30 degree inclination Fig.(d): 45 degree inclination 

Fig.(b): 15 degree inclination 



106 

   

Turbulence Intensity Distribution at 3.5 Dcold 
 

 

 

 

 

 

 

 

 

 

              Figure 4.0.1: Turbulence Intensity distribution at 3.5D cold

Radial position, meter 
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APPENDIX III 

Scalar Scene of Velocity Distribution at 1.6 Dcold 

 

 

 

 

 

 

 

 
                

 

 

Fig.(c): 30 degree inclination Fig.(c): 45 degree inclination 

Fig.(a):  0 degree inclination 
Fig.(b): 15 degree inclination 
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Velocity Distribution at 1.6 Dcold 

Radial position, meter 
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Scalar Scene of Velocity Distribution at 2.6 Dcold 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

                

 

 

 

 

 

 

 

Fig.(a): 0 degree inclination 
Fig.(b): 15 degree inclination 

Fig.(c): 30 degree inclination Fig.(d): 45 degree inclination 
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Velocity Distribution at 2.6 Dcold 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

              

 

 
Radial position, meter 
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Scalar Scene of Velocity Distribution at 3.5 Dcold 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

              

 

 

 

 

 

 

 

 

 

 

Fig.(a): 0 degree inclination Fig.(b):  15 degree inclination 

Fig.(d): 45 degree inclination Fig.(c): 30 degree inclination 
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Velocity Distribution at 3.5 Dcold 
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