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Abstract 

The use of hydrocarbons as fuel in rocket propulsion has been of great interest to the aerospace industry in 

recent years. Specifically, natural gas with a high content of methane has taken the interest of several actors, 

among them Sweden-based GKN Aerospace who in collaboration with KTH Royal Institute of Technology 

have started the MERiT project. In this project, the potential of methane as a fuel is explored through 

conjugate heat transfer analysis of a cooling channel geometry on a test rig. The goal is partly to find what 

the cooling potential of the methane is, and partly to determine the risks of thermal cracking occurring in 

the cooling channel. 

This report aims to provide a CFD analysis of the behavior of a test rig developed in earlier stages of the 

project. The analysis is to be used to provide design points that real experiments can be based upon. Studied 

behaviors include limitations regarding overheating, choke in the cooling channel and efficiency of the rig. 

In addition to this, the fluid temperature is studied in order to provide an estimate of which design points 

provide the highest potential risk of thermal cracking. In experiments, this potential risk is to be evaluated 

and explored in order to judge the viability of methane as a fuel. 

From this thesis a database of design points has been built regarding two potential channel geometries with 

different alloy materials. The post process and gathering of data are designed in such a way that specific 

behaviors can be monitored depending on a specific input. Inputs include mass flow, heat flux, inlet 

temperature and outlet pressure of the test rig. These were parametrized such that 243 specific design points 

could be examined for each channel geometry. Concluding this thesis, it was found that 131 of the cases 

examined for the first channel geometry were within the realm of being useful, and that a few cases fall 

within the realm of being at risk for coking. The risk for choke in the cooling channel is apparent at high 

mass flows and low pressures. The efficiency is heavily tied to heat flux and inlet temperature but shifts to 

be more dependent on Reynold’s number when cases with unintended behavior are filtered out. 

 

  



 
 

 
 

Sammanfattning 

Användningen av kolväten som bränsle i syfte att driva rymdfarkoster har intresserat flyg- och rymdindustrin 

under de senaste åren. Naturgas med ett högt innehåll av metan har fångat intresset av flera aktörer, 

däribland Sverige-baserade GKN Aerospace som i ett samarbete med KTH Kungliga Tekniska Högskolan 

har startat projektet MERiT. Projektet avser att utforska metans potential som bränsle genom en 

kombinerad värmeöverföringsanalys för en kylkanal i en raketmotordysa. Målet är delvis att fastställa vilken 

kylningspotential metan har samt att undersöka när koksning uppstår i kylkanalen. 

Den här rapporten ämnar kartlägga arbetet med en CFD-modell med avsikten att fastställa beteendet för en 

testrigg som utvecklats i tidigare delar av projektet. Analysen skall användas som en databas för att generera 

designpunkter som kan användas i verkliga experiment. De beteenden som studeras inkluderar 

begränsningar på grund av överhettning, chokning på grund av överljudshastigheter och hur effektivt gasen 

absorberar värmen som flödar in i riggen. Utöver detta studeras gasens temperatur i ett försök att kartlägga 

fall som har högst risk för koksning. Denna risk skall utvärderas och utforskas genom verkliga experiment 

för att bedöma hur pålitligt metan är som bränsle. 

Från denna studie har databaser av designpunkter genererats för två kanalgeometrier innehållande två olika 

legeringsstål. Efterbehandlingen och insamlingen av data från databaserna är upplagda på ett sådant sätt att 

specifika beteenden kan studeras beroende på en specifik input. Dessa inputs inkluderar massflöde, 

värmeväxling, inloppstemperatur och utloppstryck för testriggen. För att utveckla processen sattes dessa 

upp i parametrar som genererade 243 unika designpunkter för varje kanalgeometri. Sammanfattningsvis var 

131 av designpunkterna för den första kanalen användbara, samt att vissa av dessa hamnar inom vad som 

kan konstateras ett temperaturområde som riskerar koksning. Risken för chokning i kylkanalen är tydlig vid 

höga massflöden och låga utloppstryck. Den övergripande effekten av riggen fanns vara starkt knuten till 

värmeväxling och inloppstemperatur, men går över till att vara mer beroende av Reynoldstalet när oönskade 

fall sorteras bort. 
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Nomenclature 

𝑝 Pressure [Pa] 

𝑇 Temperature [K] 

𝑚 Mass [kg] 

𝜌 Density [kg m-3] 

𝜐 Specific volume [m3 kg-1] 

𝑅 Universal gas constant [J K-1 mol-1] 

𝑉 Volume [m3] 

ℎ Specific enthalpy [J kg-1] 

𝑒 Specific internal energy [J kg-1] 

𝑐𝑣  Specific heat at constant volume [J kg-1 K-1] 

𝑐𝑝 Specific heat at constant pressure [J kg-1 K-1] 

𝛾 Ratio of specific heats [-] 

𝑠 Entropy [J kg-1 K-1] 

𝑞 Heat per unit mass [J kg-1] 

𝑢 Velocity [m s-1] 

𝑎 Local speed of sound [m s-1] 

𝑀 Mach number [-] 

𝐷ℎ  Hydraulic diameter [m] 

𝜇 Dynamic viscosity [Pa s] 

𝑢∞ Free stream velocity [m s-1] 

𝛿(𝑥) Boundary layer thickness [m] 

𝑇∞ Bulk fluid temperature [K] 

𝑇𝑠 Surface temperature [K] 

𝑇0 Total temperature [K] 

ℎ0 Total enthalpy [J kg-1] 

𝑝0 Total pressure [Pa] 

𝜌0 Total density [kg m-3] 

𝑅𝑒 Reynold’s Number [-] 

  

𝜙 Heat flux [J s-1 m-2] 

𝜆 Thermal conductivity [J s-1 K-1 m-1] 

ℎ𝑐 Convective heat transfer coefficient [J s-1 K-1 m-2] 

  

𝑼 Flow velocity [m s-1] 



 
 

 
 

∇ Differential cartesian operator 𝒙
𝜕

𝜕𝑥
+ 𝒚

𝜕

𝜕𝑦
+ 𝒛

𝜕

𝜕𝑧
 [-] 

𝜏 Viscous stress tensor [Pa] 

𝛿 Unit tensor [-] 

𝑺𝐸  Energy from external sources 

𝑺𝑀 Sum of body forces 

  

𝜂ℎ,𝑓 Overall efficiency of the rig [-] 

𝜂𝑠,𝑐 Fraction of energy flowing through the solder [-] 

  

𝑘 Turbulence kinetic energy per unit mass [m2 s-2] 

휀 Turbulence dissipation rate [m2 s-3] 

𝜔 Angular velocity [s-1] 

𝜇𝑒𝑓𝑓 Effective dynamic viscosity [Pa s] 

𝜇𝑡  Turbulent dynamic viscosity [Pa s] 

𝑝′ Modified pressure [Pa] 

𝑃𝑘 Shear turbulence production [kg m-1 s-3] 

Φ General constant for the turbulence model 

𝐹1 Blending function for SST turbulence model 

𝐹2 Blending function for the kinematic viscosity in the SST turbulence model 

 

Constants for the Turbulence Models 

𝐶𝜀1 = 1.44 

𝐶𝜀2 = 1.92 

𝜎𝑘 = 1 

𝜎𝜀 = 1.3 

 

𝛽′ = 0.09  

𝛼1 = 5 9⁄   

𝛽1 = 0.075  

𝜎𝑘1 = 2  

𝜎𝜔1 = 2  

𝛼2 = 0.44  

𝛽2 = 0.0828  

𝜎𝑘2 = 1  

𝜎𝜔2 = 1 0.856⁄   
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1 Introduction 

During the operation of a rocket the nozzle plays a vital role in controlling the flame and thus the thrust of 

the rocket. In order to keep the nozzle from overheating due to the high temperatures of the flame, the 

nozzles are traditionally cooled by having cooling channels within the nozzle walls. Within these cooling 

channels, fuel is used as a coolant while it is simultaneously being preheated. Figure 1.1 shows the nozzle 

on the Ariane 5 launcher, operated by Arianespace to launch satellites. 

 

Figure 1.1 Figure of the rocket nozzle of the Vulcain engine of the Ariane 5 launcher (ESA) (KTH). 

The cooling channels are situated within the nozzle walls, forming passages for the fluid to travel through. 

Figure 1.2 illustrates an example of how the channels are situated within the walls of the nozzle. 

 

Figure 1.2. An example of rocket nozzle cooling channels (SPL). 
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1.1 The Potential of Hydrocarbon Fuels in Rocket Propulsion 

The use of liquid or gaseous hydrocarbons is of great interest for today’s rocket and space propulsion 

systems. Specifically, natural gas (liquid biofuel/natural gas (LNG)) with a high content of methane has 

sparked the interest of the industry due to its availability, ease of storage, low toxicity as well as its low costs 

when compared to hydrogen. Since hydrogen is generally produced from thermal cracking of methane 

which releases toxic wastes, the sustainable prospects of using methane rather than hydrogen as a fuel cannot 

be denied. Methane also has great cooling capabilities which marks its potential future as a fuel used for 

European space missions. However, the use of LNG fuels does not come without its own set of challenges 

in space applications. Fuels that have a high content of methane often contain impurities that can produce 

deposits of materials such as sulphur in such a way that the pressure drop in the cooling channels increases. 

This in turn hurts the cooling capabilities of the channels and can ultimately lead to failure of the nozzle. 

Depending on temperature, additional deposits of carbon are also a risk with methane. At high temperatures, 

the fluid decomposes in the process known as thermal cracking or coking, the very same process used to 

produce hydrogen. It is vital to see if the fuel is at risk of reaching such temperature levels when analyzing 

the results since this phenomenon can have fatal effects for the nozzle. 

Outside of the risks of material deposits the cooling capabilities of methane are strongly affected by which 

state the fluid is in. Whether the gas is in a sub- or supercritical state is of great importance because of how 

the specific heat capacity of methane varies as the fluid enters its supercritical state. 

1.2 The MERiT Project and CFD Analysis 

Since this thesis is produced in collaboration with GKN Aerospace and KTH Royal Institute of Technology 

in an on-going project known as MERiT, the geometries for the test rig and channels that are used for this 

thesis are given. In this thesis, two channel geometries are analyzed in a conjugate heat transfer simulation 

using ANSYS CFX. The goal is to find and analyze possible problematic areas of the model so that further 

evaluation of the use of methane can be done. Additionally, the simulations will provide estimations of 

reasonable design points and possible limitations of the experiments with the physical rig. 
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2 Previous Work and Objectives of the Thesis 

In a previous M.Sc thesis in the same project, the heater rig that is being used for the computational 

simulations in this thesis was designed (Ristic, 2017). In his thesis the limitations of the rig were studied 

through simulations. One of the defining limiting factors is the temperature of the heater copper block, 

which is not allowed to exceed 1023 K. Several rig concepts were studied in order to compare different 

setups and build a final rig. The final rig consists of two copper blocks used to transfer heat to the cooling 

channel as well as a solder made of a Cu65Au35 alloy between the channel and the top copper block. 

Together with the channel and inlet and outlet pipes, the rig used in the simulations can be seen in figure 

2.1. The blocks are held together by 16 screws and the bottom block contains the 21 heater elements used 

to provide heat to the channel. 

 

Figure 2.1 Base components of the rig (Ristic, 2017). 

In the thesis report, certain design points were tested in order to judge the capability of the rig. The input 

values were parametrized as per table 2.1. In the interest of industrial secrecy, the values have been 

normalized. 
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Table 2.1 Normalized simulation inlet values for the final rig of the previous thesis (Ristic, 2017). 

Configuration Fluid 
Fluid 

model 

�̇�ℎ𝑒𝑎𝑡𝑒𝑟𝑠, 

normalized 

𝑝𝑜𝑢𝑡 , 

normalized 

𝑇0,𝑖𝑛, 

normalized 

�̇�𝑖𝑛, 

normalized 

C Methane Real gas 0.05-1 

1 

0.42 

0.2 

0.4 

1 

0.57 

0.2 

0.4 

1 

1 

0.2 

0.4 

1 

0.25 

0.42 
0.2 

0.4 

0.57 0.2 

1 0.4 

 

In the initial tests with the rig, a maximum temperature location was found. The maximum temperature of 

the bottom of the heater block was found to be at the second to last heater row. This is important in order 

to monitor the maximum temperature of the heater block during experiments, since exceeding the 

maximum temperature can lead to failure. It is clear from figure 2.2 that the maximum temperature point is 

at the heater wall. This location is also logical, since as the fluid travels and gets heated, its cooling capacity 

decreases. Without a fluid cooling the rig, this location would be expected to be in the middle of the rig. 

 

Figure 2.2. Maximum temperature location of the heater block (Ristic, 2017). 
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Several studies have previously been carried out regarding the potential use of methane for cooling channels. 

In many cases however, these studies have looked at the fuel in a liquid state rather than gaseous state, which 

includes some implications to the behavior of the fuel. Some analytical data is however applicable to both 

types of analysis. One study involved analysis of channel boundary variations to understand how wall 

temperatures and coolant behavior would be affected by surface roughness and different pressures 

(Pizzarelli, et al., 2014). In their study mesh grid sensitivity was also included to see what effects refinement 

of mesh grids could have on the generated data. Ultimately this data was used to estimate what effect it 

would have on the simulated heat transfer properties of the fluid. Their conclusion was that mesh grid 

structure is of great importance – to a certain point. The grid needs to be refined enough to be able to 

capture the variations of the boundary layer but can be coarser towards the parts with less thermodynamic 

variation perpendicular to the flow direction. They found that the static pressure drop was linear along the 

flow direction, which was a direct effect of the constant channel geometry. It did not depend on 

asymmetrical boundary conditions or its three-dimensional geometry. 

 

Figure 2.3. Mesh grid effects on wall temperature in two test cases TC1 and TC2 (Pizzarelli, et al., 2014). 

As can be observed in figure 2.3, mesh refinement is of great importance for simulating the temperature 

along the channel walls and thus the boundary layer. 

Volumetric heat capacity is a highly deciding factor in the cooling effects of a fluid. It measures the ability 

for the coolant to absorb heat and is calculated through the product of specific heat capacity at constant 

pressure and density (Arun, et al., 2018). This means that it’s directly related to which state the fluid is in. 

 

Figure 2.4. Volumetric heat capacity along fluid channels with different channel aspect ratios a) 1 MW/m2 
b) 3 MW/m2 c) 5 MW/m2 (Arun, et al., 2018). 
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From figure 2.4 it is clear that the volumetric heat capacity varies not just with aspect ratio but is also 

dependent on heat flux and thus when the fluid passes into supercritical state. The volumetric capacity is 

lowered significantly when the fluid has passed into the supercritical state. Methane enters this state when 

the fluid temperature is above 190 K and pressure exceeds 46 bar simultaneously as can be observed in 

figure 2.5. Consequently, methane in rocket cooling channels is often in this state, meaning that heat transfer 

is limited compared to a trans- or subcritical state. 

 

Figure 2.5. Contour plot of density over methane T-p diagram (Votta, et al., July 2014). 

For the phenomenon of coking a previous study has been done regarding whether environments with 

nickel-based materials had a catalytic effect on the process (Highasino, et al., 2008). Since materials used in 

rocket nozzle cooling channels often contain nickel, the contents of the fuel as well as the channel can have 

great effects on how deposits form. The inversion rate of methane when in contact with different alloys can 

be observed in figure 2.6. This inversion rate can be seen practically as the volume fraction of hydrogen 

present in the gas, since hydrogen is formed from the coking phenomenon (Highasino, et al., 2008). 

 

Figure 2.6. Methane inversion rates when in contact with materials with varying nickel content (Highasino, 
et al., 2008). 

Figure 2.6 illustrates that as the content of nickel increases in the channel material, the coking effects increase 

with it. To have a comparison to methane with no influence of surrounding materials, higher temperatures 
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were tested which gave the result that methane starts to thermally decompose without catalytic effects at 

around 1323 K. 

2.1 Objectives 

From the thesis work of R. Ristic, future work was primarily designated to improving the CFD model by 

changing definition files where certain components were not set up correctly or with certain limitations. The 

primary goal of the work with this thesis is to provide these improved models for two of the four channel 

geometries that are of interest and to generate a database that can be used in order to estimate which design 

points that could prove interesting for real experiments. One of the main aims is thus to find at what design 

points the rig works, and to specify and find interesting relationships between inputs and corresponding 

output. Additionally, several other thermodynamic properties are of interest in order to supplement and 

validate data gathered from experiments. As such another main objective is to provide not only failure points 

and general thermodynamic data, but to extract data from specific points where temperature and pressure 

sensors are located in the physical rig. This way, certain design points can be excluded from experiments 

either because of redundancy or due to unintended behavior. All of this to further progress the research 

aimed at validating methane as a fuel for space travel applications. To summarize, the goals can be listed as 

five points. 

I. Update and refine previous models to more accurately reflect the real rig. 

II. Find whether the computational rig works as intended through test runs. 

III. Validate the computational mesh through a mesh refinement analysis. 

IV. Provide a database of functional design points. 

V. Single out specific cases that contain problematic or interesting responses. 
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3 Theory and Thermodynamic Relationships 

3.1 Compressible Flows 

Compressible flows are generally characterized by a variable density. The rate at which the density varies for 

a channel flow is usually related to the pressure drop along the flow path, and as such higher speed flows 

are usually affected more by this. While technically incompressible flows do not exist, gases travelling at or 

below 0.3 M are generally considered to be incompressible (Anderson, 2003). In incompressible flow the 

density can be assumed to be constant, and the pressure drop is much lower than that of flows at higher 

Mach numbers. 

3.1.1 Perfect Gas 

All gases consist of particles that move in almost completely random patterns. These patterns are to a certain 

extent dependent on intermolecular forces which are strongly related to the distance between the particles. 

In many compressible flows this force is often negligible, resulting in an approximation known as a perfect 

or ideal gas (Anderson, 2003). The approximation is defined as 

 

𝑝𝜈 = 𝑅𝑇  (3.1) 

 

and is known as the ideal gas law, where 𝜐 is the specific volume (m3/kg) which can also be described as 

inverse density (1/ρ). While this approximation is adequate in many cases, certain pressure and temperature 

combinations are not accurately covered by this relationship. For temperatures around 273 K, at low 

pressures and at high temperatures this relationship is highly accurate. However, at high pressures and very 

low temperatures the distance between the molecules decreases. The relationship that decides how far a 

flow strays from the ideal gas law can normally be estimated as 𝑝 𝑇3⁄  (Anderson, 2003). In cases where this 

deviation becomes high enough the intermolecular forces that the molecules impose upon each other must 

be taken into account. In those cases, a different equation of state is required, the simplest of which is 

known as the Van der Waals equation of state. 

 

(𝑝 +
𝑎

𝜐2
) (𝜐 − 𝑏) = 𝑅𝑇  (3.2) 

 

where a and b are gas-related constants and 𝜐 is the same as in equation (3.1). For the purpose of this thesis, 

an in-house formula taken from Refprop (Lemmon, 2013) is used to calculate the state of the methane 

(Setzmann, et al.). This includes enthalpy, density and dynamic viscosity. 

3.1.2 Internal Energy Definitions 

If a gas is thermally perfect and no chemical reactions are taking place within it, the enthalpy ℎ and internal 

energy 𝑒 correlated by the equation 

ℎ = 𝑒 + 𝑝𝜐  (3.3) 

only depend on temperature (Anderson, 2003). If the specific heats at constant pressure and volume are 

both only dependent on temperature as well, the change in internal energy and enthalpy can be calculated 

by 

𝑑𝑒 = 𝑐𝑣𝑑𝑇  (3.4) 
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𝑑ℎ = 𝑐𝑝𝑑𝑇  (3.5) 

When the definition of enthalpy is combined with equation 3.1 the following relationship is found: 

𝑐𝑝 − 𝑐𝑣 = 𝑅  (3.6) 

 

The specific heats 𝑐𝑝 and 𝑐𝑣 are defined as: 

𝑐𝑝 = (
𝜕ℎ

𝜕𝑇
)

𝑝
  (3.7) 

𝑐𝑣 = (
𝜕ℎ

𝜕𝑇
)

𝑣
  (3.8) 

or, when each specific heat is singled out of equation (3.6): 

𝑐𝑝 =
𝛾𝑅

𝛾 − 𝑅
  (3.9) 

𝑐𝑣 =
𝑅

𝛾 − 𝑅
  (3.10) 

 

3.1.3 Isentropic Thermodynamic Relations 

Assuming a thermally perfect gas and constant specific heats, entropy changes between two states of a fluid 

can be calculated as (Anderson, 2003): 

𝑠2 − 𝑠1 = 𝑐𝑝 ln
𝑇2

𝑇1
− 𝑅 ln

𝑝2

𝑝1
  (3.11) 

𝑠2 − 𝑠1 = 𝑐𝑣 ln
𝑇2

𝑇1
− 𝑅 ln

𝜐2

𝜐1
  (3.12) 

Isentropic processes are considered both adiabatic and reversible, meaning that no heat is transferred from 

the system through losses or otherwise and that the change of state can be reversed perfectly. For equations 

(3.11) and (3.12) this means that 𝑠1 = 𝑠2 and taking the definitions of 𝑐𝑝 and 𝑐𝑣 in equations (3.9) and (3.10) 

the following isentropic relation is formed: 

𝑝2

𝑝1
= (

𝜐1

𝜐2
)

𝛾

= (
𝜌2

𝜌1
)

𝛾

= (
𝑇2

𝑇1
)

𝛾 (𝛾−1)⁄

  (3.13) 

3.1.4 Governing Equations for One-dimensional Flow 

As a way of studying the changes in the fluid from one state to the next, a one-dimensional case can be 

examined. In this simplification, the governing equations known as the continuity, momentum and energy 

equations are defined as (Anderson, 2003) 

𝜌1𝑢1 = 𝜌2𝑢2  (3.14) 

𝑝1 + 𝜌1𝑢1
2 = 𝑝2 + 𝜌2𝑢2

2  (3.15) 

ℎ1 +
𝑢1

2

2
+ 𝑞 = ℎ2 +

𝑢2
2

2
  (3.16) 

where 𝑞 is the heat added per units mass. 
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3.1.5 Speed of Sound 

When handling compressible flows, velocity is often normalized to the local speed of sound (Anderson, 

2003). The normalization ensures that velocity can be analyzed depending on the fluid’s state. The local 

speed of sound is defined as 

𝑎2 = (
𝜕𝑝

𝜕𝜌
)

𝑠

  (3.17) 

 

From equation (3.13) it is clear that 𝑝𝜐𝛾 is constant, thus giving the following relation for the local speed 

of sound 

𝑎 = √(
𝜕𝑝

𝜕𝜌
)

𝑠

= √
𝛾𝑝

𝜌
= √𝛾𝑅𝑇  (3.18) 

 

The Mach-number is then defined as 

𝑀 =
𝑢

𝑎
  (3.19) 

 

The Mach number is regularly used to define flow regimes, where 1 describes the flow as sonic, M < 1 is 

subsonic and M > 1 is supersonic. 

3.1.6 Reynolds Number 

For any calculations on fluid dynamics, the Reynolds number tells a lot about the behavior of the fluid. The 

Reynolds number is generally defined as: 

𝑅𝑒 =
𝜌𝑢𝐷ℎ

𝜇
  (3.20) 

where 𝑢 is the average velocity at the cross-section and 𝐷ℎ  is the hydraulic diameter defined depending on 

the geometrical shape of the cross-section. The value of the Reynold’s number can give clear indications as 

to whether a fluid is laminar or turbulent. Traditionally, the value corresponding for fully turbulent flow is 

defined to be 𝑅𝑒 > 2900 (Schlichting, et al., 2017). 

3.1.7 Normal Shocks 

In compressible flows, obstruction of the flow can greatly alter the flow paths of the fluid molecules. An 

example of such an obstruction is a sensor probe located in the free stream. When the fluid collides with 

the obstruction the collision propagates through the stream to guide upstream particles around the object. 

This interaction is done through sound waves, suggesting that in flow fields with low Mach numbers this 

interaction is communicated properly before the particles reach the object. For a supersonic flow however, 

the sound wave does not have time to reach the upstream particles resulting in what is known as normal 

shocks. This means that the obstruction does not alter the flow paths of particles upstream since the sound 

cannot propagate in that direction. Instead, the waves gather a short distance in front of the object, forming 

a shockwave as seen in figure 3.1. Since the flow path has not been affected upstream of the object, it quickly 

compensates as it goes through the shockwave. The flow immediately after the shockwave is subsonic, and 

the particles start to follow streamlines similar to the subsonic case (Anderson, 2003). 
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Figure 3.1. Subsonic compared to supersonic flows passing an object in the stream (Anderson, 2003). 

Due to this velocity change over the shockwave the static temperature and pressure as well as the density 

increase downstream of the shockwave. 

3.1.8 Viscous Flow and Boundary Layers 

When handling any type of flow in contact with a wall area, the way the fluid interacts with the wall 

determines how the boundary layer develops. Due to viscous forces, the velocity of fluid particles close to 

the wall is lower than in the free stream. As such, a velocity gradient appears growing from the wall out into 

the free stream (Ghoshdastidar, 2012). In figure 3.2, 𝑢∞ is the velocity outside of the boundary layer, 𝑢 is 

the velocity close to the edge of the boundary layer, and 𝛿(𝑥) is defined as the distance normal to the wall 

where 𝑢 𝑢∞⁄ = 0.99 and is the boundary layer thickness dependent on the wall distance 𝑥. The velocity 

boundary layer is also called the momentum boundary layer. 

 

Figure 3.2. Momentum boundary layer (Ghoshdastidar, 2012). 

If the fluid is flowing in a stream where the wall has a higher temperature than the free stream, a thermal 

boundary layer is formed where the temperature is higher close to the wall than in the free stream. The fluid 

particles in contact with the wall have the same temperature as the wall as shown in figure 3.3. 
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Figure 3.3. Thermal boundary layer (Ghoshdastidar, 2012). 

Naturally, this means that the temperature at the contact between the fluid and the wall contains the highest 

fluid temperature. 

3.1.9 Stagnation Properties 

Whenever a fluid element with initial velocity, temperature and pressure 𝑢, 𝑇 and 𝑝 is isentropically slowed 

down to 𝑢 = 0, it is said that the element has become stagnant. As a way of defining the state of this fluid 

element, the terms total temperature and pressure are introduced. The total temperature 𝑇0 is typically 

defined as 

𝑇0 = 𝑇 +
𝑢2

2𝑐𝑝
⇒

𝑇0

𝑇
= 1 +

𝛾 − 1

2
𝑀2  (3.21) 

As a way of calculating total pressure and density equation (3.21) can be inserted in the following 

relationship: 

𝑝0

𝑝
= (

𝜌0

𝜌
)

𝛾

= (
𝑇0

𝑇
)

𝛾 (𝛾−1)⁄

  (3.22) 

 

3.1.10 Heat Addition to Fluids 

Recalling the energy equation (3.16), placing the heat addition 𝑞 alone on the left side and realizing that ℎ =

𝑐𝑝𝑇, the following relation can be observed (Anderson, 2003). 

𝑞 = (𝑐𝑝𝑇2 +
𝑢2

2

2
) − (𝑐𝑝𝑇1 +

𝑢1
2

2
)  (3.23) 

And from the definition of total temperature, the following relation becomes true. 

𝑞 = 𝑐𝑝𝑇02 − 𝑐𝑝𝑇01 = 𝑐𝑝(𝑇02 − 𝑇01)  (3.24) 

This relation clearly shows that as heat is added to the fluid, both the total enthalpy and temperature increase. 

3.2 Heat Transfer 

Conductive heat transfer is the rate at which heat flows through particles with a temperature gradient and 

is most commonly defined as 

𝜙 = −𝜆
𝑑𝑇

𝑑𝑥
  (3.25) 
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Where 𝜆 is the thermal conductivity and 𝑑𝑇 𝑑𝑥⁄  is the temperature change with respect to 𝑥 (Ghoshdastidar, 

2012). Convective heat transfer is the rate at which heat is transferred depending on fluid motion and 

temperature differences. It is defined as 

𝜙 = ℎ𝑐(𝑇∞ − 𝑇𝑠)  (3.26) 

where ℎ𝑐 is the convective heat transfer coefficient depending on certain fluid properties, 𝑇∞ is the fluid 

temperature and 𝑇𝑠 is the surface temperature. 

3.2.1 Rate of Heat Conduction 

The heat conduction equation can generally be defined in vector form for three-dimensional analysis 

through Fourier’s law (Bergman, et al., 2007). 

𝜙 = −𝜆∇𝑇 = −𝜆 (�̂�
𝜕𝑇

𝜕𝑥
+ �̂�

𝜕𝑇

𝜕𝑦
+ �̂�

𝜕𝑇

𝜕𝑧
)  (3.27) 

 

which is dependent on the temperature distribution of the solid. In order to find the temperature distribution 

of a solid, an equation known as the heat diffusion equation or the heat equation is used. The combination 

of Fourier’s law and the heat diffusion equation helps with determining the heat flux at any given position 

in a solid. 

𝜕

𝜕𝑥
(𝜆

𝜕𝑇

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝜆

𝜕𝑇

𝜕𝑦
) +

𝜕

𝜕𝑧
(𝜆

𝜕𝑇

𝜕𝑧
) + 𝑞 = 𝜌𝑐𝑝

𝜕𝑇

𝜕𝑡
  (3.28) 

 

Important to note here is that this equation describes the ever-crucial law of conservation of energy. When 

dealing with a system in steady state, the term on the right hand side of the equation 𝜌𝑐𝑝(𝜕𝑇 𝜕𝑡⁄ ) is equal 

to zero. 
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4 Numerical CFD analysis 

4.1 Internal Equations for Change of State 

When dealing with compressible flows, CFX uses several important variables to determine the state of the 

fluid in each cell. The static pressure is solved for in the flow field and is related to reference and absolute 

pressure (ANSYS, 2019). The values for 𝑝𝑟𝑒𝑓 and 𝑝𝑎𝑏𝑠 are generally user defined. The relationship to the 

static pressure 𝑝𝑠𝑡𝑎𝑡 is defined as 

𝑝𝑎𝑏𝑠 = 𝑝𝑠𝑡𝑎𝑡 + 𝑝𝑟𝑒𝑓   (4.1) 

 

The static enthalpy is calculated from the internal energy as well as the fluid state as 

ℎ𝑠𝑡𝑎𝑡 = 𝑢𝑠𝑡𝑎𝑡 +
𝑝𝑠𝑡𝑎𝑡

𝜌𝑠𝑡𝑎𝑡
  (4.2) 

 

This is used for the thermal energy model that simulates the heat transfer through the solids. CFX uses 

enthalpy to calculate variations in different thermodynamic properties. In order to do this, the way enthalpy 

varies with temperature and pressure needs to be known. The changes are calculated as 

𝑑ℎ = (
𝜕ℎ

𝜕𝑇
)

𝑝
𝑑𝑇 + (

𝜕ℎ

𝜕𝑇
)

𝑇
𝑑𝑝  (4.3) 

or 

𝑑ℎ = 𝑐𝑝𝑑𝑇 +
1

𝜌
[1 +

𝑇

𝜌
(

𝜕𝜌

𝜕𝑇
)

𝑝
] 𝑑𝑝  (4.4) 

 

where the first term influences enthalpy for most materials. The second term is generally not used for ideal 

gas cases or solid materials in a thermodynamic state. In this analysis it is required however since there is no 

guarantee that the gas stays in an ideal state. 

Since methane undergoes fluctuations both in density and in specific heat with temperature and pressure 

changes, the CFX solver needs to evaluate static enthalpy depending on more than the pressure and 

temperature changes of the fluid. The solver calculates a change of state from ℎ1(𝑝1𝑇1) to 

ℎ2(𝑝2𝑇2) through two integration steps. It first calculates the change of state at constant pressure and then 

at constant temperature. 

ℎ2 − ℎ1 = ∫ 𝑐𝑝𝑑𝑇

𝑇2

𝑇1

+ ∫
1

𝜌
[1 +

𝑇

𝜌
(

𝜕𝜌

𝜕𝑇
)

𝑝
] 𝑑𝑝

𝑝2

𝑝1

  (4.5) 

In order to provide an accurate solution, the solver requires thermodynamically consistent values of the 

equation of state, density and specific heat. What the CFX solver defines as thermodynamically consistent 

values is calculated through the exact differential that 

𝜕

𝜕𝑝
|

𝑇

(
𝜕ℎ

𝜕𝑇
)

𝑝
=

𝜕

𝜕𝑇
|

𝑝
(

𝜕ℎ

𝜕𝑝
)

𝑇

  (4.6) 

which can also be described as 
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(
𝜕𝑐𝑝

𝜕𝑝
)

𝑇

=
𝑇

𝜌2
[(

𝜕2𝜌

𝜕𝑇2
)

𝑝

−
2

𝜌
(

𝜕𝜌

𝜕𝑇
)

𝑝

2

]  (4.7) 

when inserted into equation (4.4). 

The total enthalpy is calculated from the static enthalpy and the flow kinetic energy 

ℎ𝑡𝑜𝑡 = ℎ𝑠𝑡𝑎𝑡 +
1

2
(𝑼 ∙ 𝑼)  (4.8) 

where 𝑼 is the flow velocity. When CFX uses the total energy model for calculating heat transfer, it calculates 

total enthalpy first and derives static enthalpy from equation (4.8). 

4.2 Governing Equations in CFX 

The CFX solver uses similar governing equations to the one-dimensional equations (3.14)-(3.16) in the 

previous chapter. First, the continuity equation (ANSYS, 2019) 

𝜕𝜌

𝜕𝑡
+ ∇ ∙ (𝜌𝑼) = 0  (4.9) 

Secondly, the momentum equation 

𝜕(𝜌𝑼)

𝜕𝑡
+ ∇ ∙ (𝜌𝑼⨂𝑼) = −∇𝑝 + ∇ ∙ 𝜏 + 𝑺𝑀  (4.10) 

 

where τ is the stress tensor, defined as 

𝜏 = 𝜇 (∇𝑼 + (∇𝑼)𝑇 −
2

3
𝛿∇ ∙ 𝑼)  (4.11) 

Finally, the total energy equation 

𝜕(𝜌ℎ𝑡𝑜𝑡)

𝜕𝑡
−

𝜕𝑝

𝜕𝑡
+ ∇ ∙ (𝜌𝑼ℎ𝑡𝑜𝑡) = ∇ ∙ (𝜆∇𝑇) + ∇ ∙ (𝑼 ∙ 𝜏) + 𝑼 ∙ 𝑺𝑀 + 𝑺𝐸  (4.12) 

 

where the total enthalpy ℎ𝑡𝑜𝑡 is related to the static enthalpy ℎ(𝑝, 𝑇) by equation (4.8). 

4.3 Turbulence Model 

The Shear Stress Transport (SST) turbulence model used in this study is a two-equation turbulence model 

combining the turbulence models 𝑘 − 휀 and 𝑘 − 𝜔. Both models use altered versions of the governing 

equations. The models introduce two new variables and thus the governing equations are altered depending 

on these. The continuity equation is changed to: 

 

𝜕𝜌

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝑈𝑗) = 0  (4.13) 

The momentum equation becomes: 

 

𝜕𝜌𝑈𝑖

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝑈𝑖𝑈𝑗) = −

𝜕𝑝′

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
[𝜇𝑒𝑓𝑓 (

𝜕𝑈𝑖

𝜕𝑥𝑗
+

𝜕𝑈𝑗

𝜕𝑥𝑖
)] + 𝑆𝑀   (4.14) 



 

 

 
 

-16- 
 

 

where 𝜇𝑒𝑓𝑓 is the effective viscosity when turbulence is accounted for and 𝑝′ is the modified pressure. The 

effective viscosity is defined as: 

𝜇𝑒𝑓𝑓 = 𝜇 + 𝜇𝑡   (4.15) 

 

where 𝜇𝑡  is the turbulent viscosity, assumed to be linked to the turbulent kinetic energy and dissipation for 

the 𝑘 − 휀 model through: 

𝜇𝑡 = 𝐶𝜇𝜌
𝑘2

휀
  (4.16) 

 

where 𝐶𝜇  is a constant with a value of 0.09. The modified pressure is defined as: 

𝑝′ = 𝑝 +
2

3
𝜌𝑘 +

2

3
𝜇𝑒𝑓𝑓

𝜕𝑈𝑘

𝜕𝑥𝑘
  (4.17) 

 

The last term on the right hand side of equation (4.17) is generally not used in ANSYS CFX, and is only 

strictly correct in incompressible cases (ANSYS, 2019). The energy equation is changed to: 

 

𝜕𝜌ℎ𝑡𝑜𝑡

𝜕𝑡
−

𝜕𝑝

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝑈𝑗ℎ𝑡𝑜𝑡) =

𝜕

𝜕𝑥𝑗
(𝜆

𝜕𝑇

𝜕𝑥𝑗
+

𝜇𝑡

𝑃𝑟𝑡

𝜕ℎ

𝜕𝑥𝑗
) +

𝜕

𝜕𝑥𝑗
[𝑈𝑖(𝜏𝑖𝑗 − 𝜌𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅)] + 𝑆𝐸   (4.18) 

 

where the turbulent Prandtl number 𝑃𝑟𝑡 is defined as: 

𝑃𝑟𝑡 = 𝑐𝑝

𝜇𝑡

𝜆𝑡
  (4.19) 

 

where 𝜆𝑡 is used similarly to the other turbulent variables in that it separates the laminar and turbulent heat 

transfer. For the models used in this thesis 𝑃𝑟𝑡 is equal to 0.9, thus removing the requirement for 𝜆𝑡. In the 

𝑘 − 휀 model 𝑘 is defined as the turbulence kinetic energy and 휀 is defined as the rate at which fluctuations 

in velocity dissipate. As for the values of 𝑘 and 휀 they are calculated through differential equations for 

turbulence kinetic energy and dissipation rate as: 

 

𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝑈𝑗𝑘) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗
] + 𝑃𝑘 − 𝜌휀 + 𝑃𝑘𝑏   (4.20) 

𝜕(𝜌휀)

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝑈𝑗휀) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝜀
)

𝜕휀

𝜕𝑥𝑗
] +

휀

𝑘
(𝐶𝜀1𝑃𝑘 − 𝐶𝜀2𝜌휀 + 𝐶𝜀1𝑃𝜀𝑏)  (4.21) 

 

where 𝑃𝑘 is the shear production of turbulence, 𝐶𝜀1, 𝐶𝜀2, 𝜎𝑘 and 𝜎𝜀 are constants with values defined in the 

nomenclature of this report (ANSYS, 2019). 𝑃𝑘𝑏 and 𝑃𝜀𝑏 reflect the influences of buoyancy forces. The 

buoyancy effects are neglected in this thesis and as such these forces are ignored. 
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As for the 𝑘 − 𝜔 model, 𝜔 is defined as the turbulent frequency. The 𝑘 − 𝜔 model has a great advantage 

in its ability to resolve the turbulence near the walls. In order to resolve the boundary layer for this model a 

criteria is used that when 𝑦+ < 2 the boundary is properly resolved and thus no additional wall function 

needs to be used. Instead, a low-Reynold’s near wall formulation is used, reducing the errors that a wall 

function would cause. Comparatively, the 𝑘 − 휀 model requires a much finer resolution of 𝑦+ < 0.2 which 

can lead to numerical instability and a criteria that is also difficult to satisfy (ANSYS, 2019). For the 𝑘 − 𝜔 

model the turbulent viscosity is defined as: 

𝜇𝑡 = 𝜌
𝑘

𝜔
  (4.22) 

 

where 𝑘 and 𝜔 are calculated from the following differential equations: 

 

𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝑈𝑗𝑘) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝑘1
)

𝜕𝑘

𝜕𝑥𝑗
] + 𝑃𝑘 − 𝛽′𝜌𝑘𝜔 + 𝑃𝑘𝑏   (4.23) 

𝜕(𝜌𝜔)

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝑈𝑗𝜔) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝜔1
)

𝜕휀

𝜕𝑥𝑗
] + 𝛼

𝜔

𝑘
𝑃𝑘 − 𝛽𝜌𝜔2 + 𝑃𝜔𝑏   (4.24) 

 

where the values of the constants 𝛼, 𝛽, 𝛽′ and 𝜎𝜔1 can be found in the nomenclature in the beginning of 

this report. The distinct differences between the models come primarily through the different calculations 

of the turbulent viscosity as well as the difference between 𝜔 and 휀. 

Since these turbulence models capture the turbulent behavior of the fluid with different accuracy depending 

on wall distance, a combination of the 𝑘 − 휀 and 𝑘 − 𝜔 models known as Shear Stress Transport is used 

(ANSYS, 2019). It is based on a turbulence model known as the BSL k-Omega model, which uses a 

transformed 𝑘 − 휀 model that contains the following equations when the buoyancy effects are removed: 

 

𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝑈𝑗𝑘) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝑘2
)

𝜕𝑘

𝜕𝑥𝑗
] + 𝑃𝑘 − 𝛽′𝜌𝑘𝜔  (4.25) 

𝜕(𝜌𝜔)

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝑈𝑗𝜔) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝜔2
)

𝜕휀

𝜕𝑥𝑗
] + 2𝜌

1

𝜎𝜔2𝜔

𝜕𝑘

𝜕𝑥𝑗

𝜕𝜔

𝜕𝑥𝑗
+ 𝛼2

𝜔

𝑘
𝑃𝑘 − 𝛽2𝜌𝜔2  (4.26) 

 

In order to adjust the function based on wall distance, a blending function 𝐹1 is introduced: 

𝐹1 = tanh(𝑎𝑟𝑔1
4)  (4.27) 

 

where 𝑎𝑟𝑔1 is defined as 

𝑎𝑟𝑔1 = min [max (
√𝑘

𝛽′𝜔𝑦
,
500𝜈

𝑦2𝜔
) ,

4𝜌𝑘

𝐶𝐷𝑘𝜔𝜎𝜔2𝑦2
]  (4.28) 

 

where 𝑦 is the distance to the closest wall, 𝜈 is the kinematic viscosity and 𝐶𝐷𝑘𝜔 is defined as: 
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𝐶𝐷𝑘𝜔 = max (2𝜌
1

𝜎𝜔2𝜔

𝜕𝑘

𝜕𝑥𝑗

𝜕𝜔

𝜕𝑥𝑗
, 1.0 × 10−10)  (4.29) 

 

The blending function is used in such a way that when 𝐹1 = 0 the turbulence model takes the form of the 

transformed 𝑘 − 휀 model and when 𝐹1 = 1 the model takes the form of the 𝑘 − 𝜔 model. The differential 

equations are thus defined as: 

 

𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝑈𝑗𝑘) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝑘3
)

𝜕𝑘

𝜕𝑥𝑗
] + 𝑃𝑘 − 𝛽′𝜌𝑘𝜔  (4.30) 

𝜕(𝜌𝜔)

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝑈𝑗𝜔) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝜔3
)

𝜕휀

𝜕𝑥𝑗
] + (1 − 𝐹1)2𝜌

1

𝜎𝜔2𝜔

𝜕𝑘

𝜕𝑥𝑗

𝜕𝜔

𝜕𝑥𝑗
+ 𝛼3

𝜔

𝑘
𝑃𝑘 − 𝛽3𝜌𝜔2  (4.31) 

 

The coefficients are combined through a linear relationship such that each coefficient is dependent on the 

blending function such that: 

Φ3 = 𝐹1Φ1 + (1 − 𝐹1)Φ2  (4.32) 

 

All coefficients indexed by 1 and 2 can be found in the nomenclature of this thesis. In addition to this, the 

Shear Stress Transport model uses an additional blending function 𝐹2 which is used to alter the eddy-

viscosity 𝜈𝑡  through the following equation: 

𝜈𝑡 =
𝑎1𝑘

max(𝑎1𝜔, 𝑆𝐹2)
  (4.33) 

 

where 𝑆 is an invariant measure of strain rate and the eddy-viscosity is defined as: 

𝜈𝑡 = 𝜇𝑡 𝜌⁄   (4.34) 

 

The blending function 𝐹2 is defined as: 

𝐹2 = tanh(𝑎𝑟𝑔2
2)  (4.35) 

 

with 𝑎𝑟𝑔2 defined as: 

𝑎𝑟𝑔2 = max (
2√𝑘

𝛽′𝜔𝑦
,
500𝜈

𝑦2𝜔
)  (4.36) 

 

This blending function is necessary in the SST model since previously mentioned models predict the eddy-

viscosity to be higher than what is found from experiments, and thus needs to be adjusted in order to 

properly capture separation.  
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5 Modeling 

To produce an adequate CFD model with the ANSYS modeling suite there are several considerations that 

need to be made to prepare the geometries generated by earlier studies for analysis. One of the main aspects 

when constructing the mesh for this analysis is how the geometry is set up and divided. In a properly defined 

geometry, ANSYS Meshing can use automatic functions that generate hexahedral mesh grids without large 

efforts in the meshing tool. Hexahedral cells are generally preferred when dealing with flows where the flow 

direction is known, and is the optimal cell shape for filling a volume. 

In order to ease the process of moving between different programs when geometrical alterations are done 

the software suite of ANSYS Workbench is used. Workbench provides a way to quickly import geometrical 

changes to the meshing program allowing iterative work between geometry and mesh. 

5.1 ANSYS DesignModeler 

In addition to the initial model definition designed by R. Ristic, an inlet transition part and an outlet diffusor 

have been added to smooth the transition between the circular pipes and the rectangular channels. This 

reduces the turbulent effects that instant diameter changes induce in his simulations. Additionally, in order 

to ensure that the temperature swings don’t cause the rig to physically tear itself apart during high thermal 

loads, clamps are added to each side with screws fastening the inlet and outlet parts to the top copper block. 

Figure 5.1 shows the computational rig not including the insulation. 

 

Figure 5.1. Figure of the rig used for simulations. 

In the below figures, each major domain can be seen as selected in the DesignModeler workspace. The base 

geometries defined in R. Ristic’s report can be seen in figure 5.2. 
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Figure 5.2. Components designed in previous master thesis. 

The channel is the central piece of the rig, situated in the solder on top of the top copper block as seen in 

figure 5.3. Notable is that the top blocks as well as the solders for each channel vary due to the height and 

width of the channel. 

 

Figure 5.3. Channel placement. 

The two channels that are studied in this report have cross-sectional shapes as seen in figure 5.4. 
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Figure 5.4. Distorted channel geometries. 

The channel is connected to the pipes through the transition pieces that are held by the clamps on each side 

of the rig depicted in figure 5.5. 

 

Figure 5.5. Pipes and components added in order to reduce turbulence and stabilize the rig. 

The copper block as well as the inlet and outlet transition parts are held together by screws. A few of these 

can be seen marked in figure 5.6. 
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Figure 5.6. Screws holding the components together. 

Six glass pieces are placed in order to act as thermal barriers between the rig and the inlet and outlet parts. 

In figure 5.7 three of these pieces of glass are visible. 

 

Figure 5.7. Three of the glass pieces on top of the rig. 

Importantly, there are glass pieces not just on the top side of the top block, but also on the side and are not 

visible in figure 5.7. In Figure 5.8 the screws that hold the clamps to the rig have been hidden in order to 

show the location of these. 
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Figure 5.8. Side view of the rig with glass pieces marked. 

5.1.1 Desired Grid Structure 

DesignModeler is used to alter the geometry in ways that prepare the models for meshing. The geometry of 

highest importance for this simulation is the fluid domain, specifically inside the channel. To structure the 

geometry in such a way that a proper mesh can be generated the desired mesh grid needs to be known. Since 

the channels are rectangular with rounded corners leading to circular inlet and outlet, a grid structure known 

as OH-grid is desired. Figure 5.9 shows a comparison between a grid without guiding edges and one with 

leading edges. 

 

Figure 5.9. Grid structure comparison. The right structure uses guiding edges in order to generate the grid 
(ANSYS, 2019). 

The guiding edges aid in defining how the grid should be structured and generally divides the mesh into five 

regions. This grid structure connects all elements in a fashion such that the cells propagate radially from the 

center of the channel. It provides a good structure for sweepable bodies in radial direction since the grid 

structure is kept while the size changes. Additionally, this means that the grid automatically is finer in the 

channel and becomes coarser further away for similar edge lengths. Considering the priorities of this analysis, 

this is a good aspect of this method. 
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To allow ANSYS Meshing to sweep several bodies from the same base grid, some geometrical surface 

alterations need to be performed. The surfaces need to have similar edge numbers or that the surface has a 

split that can easily be incorporated as a guideline for cells to be placed alongside. Figure 5.10 shows how 

the faces of certain parts of the inlet transition are split. Note that the fluid domain contains two face splits 

while the channel and pipe contain three. The mesh is able to propagate to the three edges simply because 

of the structure of the grid. This transition from two to three leading edges is necessary in order to be able 

to propagate the mesh through the channel as the solder creates an additional edge. 

 

Figure 5.10. Example of guiding edges for the meshing tool. 

Together with these adjustments, making sure that the geometry shares topology in as many places as 

possible is of great importance. A shared topology ensures that the mesh is continuous across multiple 

bodies and therefor makes sure that the time to compute the solution is lowered, along with making the 

meshing process easier. This allows ANSYS Meshing to target specific surfaces without guidance outside of 

the geometry itself. 

5.1.2 Geometrical Alterations to ease the Meshing Process 

Outside of alterations to faces and edges, certain adjustments are also done to some overlapping edges as 

well as some complex geometries. The screw heads of the screws that hold the copper blocks together are 

tapered and do not provide any thermodynamically significant volume and can thus be simplified as 

cylinders. Places where welding takes place are generally fit to line up with pipe and diffusor edges that are 

in close proximity in the flow direction. This requires some trimming of surfaces and is generally done in 

parts that are far away from the channel. The pieces of glass situated between the clamps and the top block 

have had their volumes changed to better line up with surrounding areas. This is done in order to have 

meshing cells line up better and to ensure that General Grid Interfaces (GGI) can be generated on those 

surfaces. This type of interface allows the insulation, pieces of glass, and the heater block to not share 

topology with the rest of the mesh but have shared interfaces to them instead. 

One important aspect of the geometries that are used for this thesis is that they are all horizontally 

symmetrical along the flow direction. This means that to speed up the time needed for simulation; the 

geometries can be split in half so that the solver only needs to solve for half the mesh size. Figure 5.11 

shows the final geometry after all modifications have been made, including the split along the symmetrical 

plane. 



 

 

 
 

-25- 
 

 

Figure 5.11. Picture of the rig after geometrical alterations have been performed. 

To ensure a better mesh structure close to the fluid domain, some of the bodies that are not in direct contact 

with the fluid are cut out into sweepable parts. This allows the structured mesh from the fluid to propagate 

further than just the channel and pipes that are in contact with the fluid. 

5.2 ANSYS Meshing 

With a prepared geometry, ANSYS Meshing has automatic functions that can provide a good structure for 

sweepable bodies with little management. Problems arise when non-sweepable bodies are brought into the 

meshing environment, where methods span from hexa-dominant to tetrahedral methods. These methods 

require sizing to avoid producing cells of less than adequate quality. 

5.2.1 Mesh Quality 

The quality of the mesh is decided primarily by two values. These are known as Skewness and Orthogonal 

quality. These range from 0-1 with different meaning depending on what equation is used to describe them. 

The primary use of these is to inform about cells that need to be refined, to allow the solver to function 

correctly when the mesh is brought into the CFX environment. As a way to illustrate the meaning of 

skewness, figure 5.12 shows the difference between skewed and non-skewed cells. 
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Figure 5.12. Examples of cells with bad quality (ANSYS, 2019). 

In accordance with the values seen in figure 5.13, certain standards need to be withheld. If the mesh of a 

body includes cells with higher than 0.98 skewness, the mesh needs to be altered or performed with another 

method. Ideally all elements should stay under 0.94 skewness, but single bad elements are acceptable in 

domains that are distant from the fluid domain. A side effect of this is that meshes far away from the fluid 

domain will often be entirely tetrahedral, increasing the number of cells by a significant amount. This is a 

compromise that is necessary for the solver to be able to compute the simulation. In a similar fashion, cells 

that have orthogonal quality below 0.14 is undesired and should try to be avoided if possible. 

 

Figure 5.13. Skewness and orthogonal quality spectrum (ANSYS, 2019). 

The skewness cell quality is primarily related to how cells fill the potential volume that their boundaries are 

contained in. A highly skewed cell fills its potential volume sub optimally and needs to be refined. The CFD 

model CFX automatically targets a maximum skewness of 0.9, and the automatic meshing tool is therefor 

of great use when unacceptable cells arise during meshing. 

In addition to skewness and orthogonal quality, two other metrics are used when the solver runs the 

simulation. These values are known as expansion factor and aspect ratio, the former being based on the 

relative size of neighboring cells and the latter being based on the ratio between different surfaces. 

Traditionally an expansion factor of < 100 is desired for a solver run using double-precision, although a 

higher value does not cause errors in the solver. Similarly, an aspect ratio of < 15 000 is recommended by 

ANSYS CFX Help for the double-precision solver. In cases where boundary layers are of great importance, 

double precision is desired partly due to these quality factors, but also due to its accuracy. An important 

note is that when a single-precision solver is used, the values are 20 and 1000 respectively (ANSYS, 2019). 
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The difference between single- and double-precision can practically be seen as a factor for how resolved the 

solution is, and the difference is greatly decreased with very fine cells in the mesh grid. A comparison 

between these two types of solutions can be used in order to validate the solution, both in terms of 

convergence and mesh resolution. When a comparison has been made the choice between single- or double-

precision can be made. Single-precision has the benefit of being faster than double-precision, and can be 

used if the difference between the solutions is negligible. 

5.2.2 Generating the Mesh with the Adjusted Geometry 

Recalling the guiding edges mentioned earlier in this chapter, the meshing process of the fluid, the channel 

and the pipes become entirely scalable. This ensures that only three meshing tools need to be used in order 

to mesh the entire fluid domain. Using the tool Face Sizing on either the inlet or the outlet allows ANSYS 

meshing to automatically generate a properly sized grid and depending on chosen element size and number 

of inflation layers it adjusts the cells in the free flow region to fit accordingly. An inflation layer can be scaled 

depending on first element size, growth rate and number of layers and the MultiZone function takes care 

of sweeping the mesh across the domain. 

When meshing the remaining parts, the quality of mesh cells takes top priority. Having hexahedral cells is 

desired due to their efficiency in filling volumes, but it’s not always possible to generate a mesh that can 

both be primarily hexahedral and meet cell quality controls. Certain criteria are used in order to properly 

judge whether the mesh of a specific body is adequate for simulation. 

In order to avoid having to use the automatic mesher in favor of more hexahedral meshes, certain pieces 

are excluded from the shared topology that the fluid, channel, and pipes have. These are later connected by 

what is known as a General Grid Interface (GGI) in ANSYS CFX which can connect two faces of different 

meshes together. A GGI attempts to find the best way to connect two meshes by placing a cell in each node 

in the interface. While this type of interface can connect two meshes with different element sizes, it is 

preferred to keep element sizes similar in order to get a smooth transition between the bodies. GGI 

interfaces are used for the glass pieces and the heater block as well as the insulation. This ensures that both 

copper blocks can be hexahedral meshes rather than free ones, effectively reducing the number of cells since 

the heater block contains the largest volume in the rig, not counting the insulation. 
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5.3 ANSYS CFX-Pre 

The CFD function used for this thesis is called CFX which uses a node-based Reynold’s Averaged Navier-

Stokes solver. This solver uses a finite volume method that creates volumes around each node which has 

vertices in adjacent cells. A primarily hexahedral mesh allows the solver to create similar elements in its 

adjustment to the mesh. Figure 5.14 illustrates an example of how CFX handles mesh cells. 

 

 

Figure 5.14. 2D example of how CFX handles mesh cells (ANSYS, 2019). 
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5.3.1 Defining the Domains in CFX-Pre 

Figure 5.15 contains the full computational domain including the insulation surrounding the rig. 

 

Figure 5.15. Computational domain in CFX-Pre. 

As mentioned earlier, some of the interfaces between the bodies in the model are set up using GGI to 

simplify the meshing process. The bodies that are connected by such interfaces can be seen in table 5.1. 

Table 5.1. Domains connected by GGI interfaces. 

Domain Connecting domains 

Glass Top Block, Clamps, Insulation 

Insulation All connecting bodies 

Heater Block Top Block 

Screw Heads Screw Bodies 

 

In ANSYS CFX several boundary conditions are set up to match the tests of the physical rig. The boundary 

conditions primarily contain mass flow, inlet temperature, outlet pressure and power input from the heaters. 

Secondary boundary conditions involve initialization temperature and outside temperature which are both 

set to 293 K. The fluid domain contains the most important boundary conditions, which are defined as per 

table 5.2. The automatic setting on the wall function is the only available option, and switches to the low-

Reynold’s near wall formulation based on the criteria mentioned in chapter 4.3. 
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Table 5.2. Fluid domain settings in CFX-Pre. 

FLUID DOMAIN 

Basic Settings Morphology Continuous Fluid 

Reference Pressure 1 atm 

Buoyancy Mode Non Buoyant 

Domain Motion Stationary 

Mesh Deformation None 

Fluid Models Heat Transfer Total Energy 

Turbulence Shear Stress Transport (SST) 

Wall Function Automatic 

INLET 

Boundary Details Flow Regime Subsonic 

Mass and Momentum Mass Flow Rate 

Mass Flow Rate �̇� 

Flow Direction Normal to Boundary Condition 

Heat Transfer Total Temperature 

Total Temperature 𝑇𝑖𝑛 

OUTLET 

Boundary Details Flow Regime Subsonic 

Mass and Momentum Average Static Pressure 

Relative Pressure 𝑝𝑜𝑢𝑡  

Pressure Profile Blend 0.05 

Pressure Averaging Average Over Whole Outlet 

 

The materials of each of the solid domains as well as important boundary conditions are found in table 5.3. 

For the purpose of making the connections easier to manage, the parts marked in figure 5.5 (inlet/outlet 

pipe, clamps, transition and diffusor) are coupled together since they are built from the same material. In 

the case of channel 3, the channel is added to this domain because of the same reason while channel 4 is 

kept separate. The alloys specified as GKN Alloy 1 and 2 contain different amounts of nickel, with Alloy 2 

containing more. 
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Table 5.3. Solid domain definitions in CFX-Pre. 

 CHANNEL AND CLAMPS  

Basic Settings Material GKN Alloy 1 

 CHANNEL Note: Only separately defined for channel 4 

Basic Settings Material GKN Alloy 2 

 LOD (SOLDER)  

Basic Settings Material Cu65Au35 

 TOP BLOCK  

Basic Settings Material Copper 

 HEATER BLOCK  

Basic Settings Material Copper 

 Heaters Boundary  

Boundary Details Heat Transfer Heat Flux 

 Heat Flux in �̇�ℎ𝑒𝑎𝑡𝑒𝑟𝑠 𝐴ℎ𝑒𝑎𝑡𝑒𝑟𝑠⁄  

 SCREWS  

Basic Settings Material Steel SS2343 

 INSULATION  

Basic Settings Material Insulfrax LT/Skamol Calcium Silicate 

 Outer Walls Boundary  

Boundary Details Heat Transfer Heat Transfer Coefficient 

 Heat Transfer Coefficient 10 [W m-2 K-1] 

 Outside Temperature 293 [K] 

 GLASS PIECES  

Basic Settings Material Glass Plate (ANSYS material) 

 

The thermodynamic properties of the alloy used for the solder (Cu65Au35) need to be user-defined since 

the material doesn’t come from the ANSYS material database and is not previously defined by R. Ristic. 

The conductivity is taken from a table (Ho, et al., 1975) and the specific heat capacity required use of Kopp-

Neumann law, stating that the specific heat of an alloy is approximately equal to the mass weighted sum of 

the specific heat capacities of each component (Leitner, et al., 2010). It is thus defined as 

𝑐𝑝 = ∑ 𝑐𝑝,𝑖

𝑁

𝑖=1

𝑤𝑖   (5.1) 

 

where 𝑁 is the total number of elements included in the alloy and 𝑤 is the mass fraction of each material, 

with 𝑖 being used as indexing. While this is an approximation, it is deemed to be accurate enough for this 
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study. As for the insulation material, the conductivity and specific heat are taken from previous calculations 

(Ristic, 2017). 

5.3.2 Input Parameters 

When analyzing the behavior of the fluid in the channel, the inputs that are varied are defined in relation to 

a previous test plan conducted in the MERiT project (Fridh, 2018). While it is based on this plan, it tries to 

expand on these tests as seen in table 5.4 to give better understanding of the behavior of the rig at different 

design points. 

Table 5.4. Normalized inlet parameters. 

Channel configurations. �̇�, normalized 𝑝𝑜𝑢𝑡 , normalized 𝑇𝑖𝑛, normalized �̇�ℎ𝑒𝑎𝑡𝑒𝑟𝑠, normalized 

3 & 4. 

0.21 

0.24 0.45, 0.61, 1 0.06, 0.18,…,1 

0.62 0.45, 0.61, 1 0.06, 0.18,…,1 

1 0.45, 0.61, 1 0.06, 0.18,…,1 

0.59 

0.24 0.45, 0.61, 1 0.06, 0.18,…,1 

0.62 0.45, 0.61, 1 0.06, 0.18,…,1 

1 0.45, 0.61, 1 0.06, 0.18,…,1 

1 

0.24 0.45, 0.61, 1 0.06, 0.18,…,1 

0.62 0.45, 0.61, 1 0.06, 0.18,…,1 

1 0.45, 0.61, 1 0.06, 0.18,…,1 

 

This resulted in 27 different cases for the inlet of the gas for each channel configuration, all being exposed 

to 9 power levels. As a result, 486 total cases are examined, 243 for each channel. When referring to each 

case from this point on, it will be referred to in vector form as [�̇� 𝑝𝑜𝑢𝑡  𝑇𝑖𝑛 �̇�ℎ𝑒𝑎𝑡𝑒𝑟𝑠] with normalized 

values. Ultimately this should provide the database to choose design points from and to validate other design 

points in the future. The inlet temperature limit was set as when the fluid is preheated to the highest available 

temperature. The power levels were set up to vary through a step function that increased the power in an 

interval. The step function interval is based on the number of iterations required to ensure that the 

simulation has converged. 

5.4 CFX Solver and Convergence 

In order to find the number of iterations the solver needs to converge, runs testing the model with a coarse 

mesh are used. This ensures faster iteration steps and allows for validation that the model works as intended 

and that each boundary is set up correctly. When the model is validated and the number of iteration steps 

required for convergence is found, a refined mesh is set up that can aid in resolving areas that are problematic 

in the coarse mesh. At the start of a run the solver generates a table of mesh statistics that can be used to 

monitor whether the mesh is within acceptable values. For each iteration step the convergence can be 

monitored through an imbalance summary where the values should ideally fall well below 0.5%. Outside of 

the convergence, an error in the solver is introduced due to the tables used for calculating the state of the 



 

 

 
 

-33- 
 

methane. The table has a limit for where it’s accurate to a fluid temperature of 900 K and as such, cases 

where the fluid temperature exceed this limit contain errors since the solver either clips or extrapolates to 

adjust for this. For the most part, this error should not be large enough to cause major problems with the 

model, but is something that needs to be taken into account when analyzing the results. Generally, the errors 

of a numerical model can be summed up as four categories listed in order of magnitude (ANSYS, 2019): 

➢ Round-off errors: Numerical precision of the computer 

➢ Iteration errors: The difference between a converged solution and the solution at a specific iteration 

➢ Solution errors: The difference between solutions on the model grid compared to the exact solution 

i.e. of an infinitely fine grid 

➢ Model errors: Difference between an exact solution and model equations 

As mentioned in chapter 5.2 single- vs double precision is an example of a solution error. Outside of 

comparing single- and double-precision, monitoring the imbalance as well as the residuals of the solver the 

solution can be run on either high resolution or first order in the turbulence and advection scheme settings. 

Running the same setup on first order or high resolution effectively acts like a mesh refinement tool, and 

can thus confirm whether the mesh is refined enough to resolve the solution. 

In order to resolve the heat transfer in the boundary layer, the CFX-Solver Theory Guide recommends that 

the 𝑦+ value is refined further from the turbulence model to be less than 1 (ANSYS, 2019). This is therefor 

set as the criteria for 𝑦+. 

5.5 CFD Post 

In order to provide useful data to compare with experimental data the real measurement points are gathered 

from the test and measurement plan that the input parameters were based upon (Fridh, 2018). This plan 

involves measurements of wall temperatures, total pressure and temperature of the fluid, temperature 

measurement at the bottom of the heater block (limit 1023 K) and measurements for the heaters (limit 1073 

K). For the purpose of understanding the behavior of the heat transfer through the rig, the different 

measuring points are used to create lines that measure temperature or pressure. The lines in figure 5.16 are 

the temperature measurements closest to the channel in a wireframe perspective view of the rig. 

 

Figure 5.16. Measurement lines going through specified measurement locations. 
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Each line in figure 5.16 is created so that it stretches the full distance of the heater block and goes through 

each measurement point. As an example, a line is created for the embedded temperature measurements 

TEH. The line starts at a normalized 𝑥𝑛𝑜𝑟𝑚 = 0 and goes through each embedded measurement point until 

it reaches the end of the top block at 𝑥𝑛𝑜𝑟𝑚 = 1. This way the temperature gradient between each 

measurement point is captured and can be analyzed in more detail. The actual temperature measurements 

lie on normalized x-values as specified tables 5.5-5.8

Table 5.5. Normalized x-values for the 
temperature sensors along the TEH-line in 

Figure 5.16. 

TEH 𝑥𝑛𝑜𝑟𝑚  

TEH3 0.18 

TEH5 0.5 

TEH7 0.82 

 

Table 5.6. Normalized x-values for the 
temperature sensors along the TWH-line in 

Figure 5.16. 

TWH 𝑥𝑛𝑜𝑟𝑚  

TWH1 0.01 

TWH2 0.15 

TWH4 0.43 

TWH6 0.57 

TWH8 0.85 

TWH9 0.99 

Table 5.7. Normalized x-values for the 
temperature sensors along the TWM-line in 

Figure 5.16. 

TWM 𝑥𝑛𝑜𝑟𝑚  

TWM3 0.18 

TWM5 0.5 

TWM7 0.82 

 

Table 5.8. Normalized x-values for the 
temperature sensors along the TWC-line in 

Figure 5.16. 

TWC 𝑥𝑛𝑜𝑟𝑚  

TWC1 0.01 

TWC3 0.18 

TWC5 0.5 

TWC7 0.82 

TWC9 0.99 

In addition to the lines mentioned in the measurement plan, some additional measurements are added in 

order to study the behavior of the rig. These primarily involve the enthalpy differences when the channel 

or pipe geometry reaches a new part and what enthalpy differences occur over the channel that is lined up 

with the solder and blocks. 

5.6 Post Processing of data and ANSYS optiSLang 

In order to analyze what happens to the heat input, a general efficiency relationship is established. The 

efficiency of the rig is determined by the relationship between the heat absorbed by the fluid compared to 

the heat input for a specific case. It is thus defined as 

𝜂ℎ,𝑓 =
�̇�𝑓𝑙𝑢𝑖𝑑

�̇�ℎ𝑒𝑎𝑡𝑒𝑟𝑠

  (5.2) 
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where �̇�𝑓𝑙𝑢𝑖𝑑 is the total heat flowing through the interface between the fluid and the solid surrounding it. 

Additionally, the relative heat flowing through the solder to the channel is defined as 

𝜂𝑠,𝑐 =
�̇�𝑠,𝑐

�̇�ℎ𝑒𝑎𝑡𝑒𝑟𝑠

  (5.3) 

 

where �̇�𝑠,𝑐 is the heat flowing through the solder to the channel. The relationship between these can 

showcase whether a certain part of the heat ends up somewhere other than the fluid. 

The behavior of the rig is studied through analysis of the parametrical input variation. ANSYS OptiSLang 

analyzes each output response in their dependency on the input parameters and eases the visualization of 

how certain cases stand out. The software allows for 3D plots creating response surfaces that are fitted 

automatically using OptiSLang’s built in algorithm. As such, each output will be fitted according to a 

function, typically favoring linear root-mean square methods. 
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6 Results 

6.1 Channel 3 

6.1.1 Initial CFD Post Analysis of a Coarse Mesh 

To make sure that the model properly captures the necessary physical phenomena, a mesh primarily 

designed with this in mind was used. The test run was simulated using different input values than the 

proposed variations proposed in table 5.4, simply in order to test the physics of the model. Initially, the 

temperature of the symmetry plane was analyzed in order to confirm that all boundaries were defined 

correctly. In figure 6.1, the temperature profile over the symmetry plane can be seen for the test case with 

the initial mesh. 

 

Figure 6.1. Symmetry plane temperature profile during test run. 

The heater and top block have temperature profiles matching earlier studies and reports, showing that the 

highest temperature along the symmetry plane can be found past the halfway points as seen in figure 6.2. 
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Figure 6.2. Heater and top block temperature profile during test run. 

From studying the 𝑦+ values of channel 3, it was found that in order to properly resolve the boundary layer 

and avoid automatic wall functions the first inflation layer thickness had to be reduced. The reason for this 

was that the values did not satisfy the criteria of 𝑦+ < 1 necessary in order to resolve the heat transfer. 

Figure 6.3 shows that the highest 𝑦+ value could be found at the connection between the channel and the 

inlet transition, and was in a magnitude of 101. 

 

Figure 6.3. y+ values over the interface between the fluid and the inlet pipe, transition part and the 
channel. 

During the initial tests it also became apparent that flow separation occurred in the outlet diffusor for 

channel 3. While this does not have a severe impact on the simulation of the cooling capacity of the channel 

itself, it affects pressure drop and as a result Mach number. Because of the separation, pressure drops along 

channel 3 became unpredictable without extensive testing and focus was put into studying the effects of the 
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pressure drop instead of predicting the inlet pressure. Figure 6.4 shows how the streamlines separate in the 

outlet diffusor. 

 

Figure 6.4. Streamlines in the outlet diffusor, showing that separation occurs. 

For the sake of analyzing outlet temperatures the separation of the flow has a positive natural mixing effect. 

This reduces the effects of stratification and an average temperature is easier to extract. 

6.1.2 Refined Mesh Results 

The resulting meshes for the two channels were fairly similar in size in large part due to the only real 

geometrical difference being the channel, inlet transition and outlet diffusor parts. The quality of the mesh 

is discussed in chapter 6.1.3. 

Table 6.1. Mesh numbers for channel 3. 

 

As is apparent in table 6.1, the fluid domain holds the majority of the nodes that the refined mesh contains. 

The reason why the top block contains the second most nodes is to ease the transition from the solder 

(named “Lod” in table 6.1) to the rest of the model. The structured mesh was generated with success using 

the built-in functions MultiZone, inflation layer and face sizing in the fluid domain, propagating through 

the channel as seen in figure 6.5. 



 

 

 
 

-39- 
 

 

Figure 6.5. Distorted view of channel and fluid mesh. 

In order to generate the refined inflation layer shown in figure 6.5, the first layer thickness was set to 0.1 

µm. The growth rate was reduced, and the number of layers increased compared to the coarse mesh, 

resulting in a much finer grid to generate a smaller 𝑦+ value. In order to ensure good calculations in 

proximity to the channel, volumes were cut out of the clamps and the insulation. This allowed the mesh to 

share topology with a part of the insulation and propagate further than just the channel which figure 6.6 

illustrates. 

 

Figure 6.6. Distorted view of mesh propagation through the inlet clamp. 
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The fluid mesh had a similar structure in the inlet and outlet pipes, differing mostly in the transition from 

the inflation layer to the free flow mesh. As an effect of having the entire fluid domain being sweepable, the 

meshes in the pipes had a rougher transition from the final inflation layer to the free stream mesh. The steep 

change in cell size indicates this transition. Similarly to the channel mesh, the outlet pipes were generated 

through propagating the mesh outwards. Figure 6.7 highlights the guidelines (green) involved in directing 

where the cells were placed similarly to figure 5.10 and illustrates how the mesh propagated through the 

pipes. 

 

Figure 6.7. Example of how the mesh targets the edges created through face splits in DesignModeler. 

The mesh from the channel successfully propagates outward through the top block. In figure 6.8 the top 

copper block can be seen from the upstream direction with the corner meshes disabled. The channel is 

situated in the upper right corner. 

 

Figure 6.8. Top block mesh seen from upstream without the corner. 

The corners were meshed using the automatic function, as to try to allow for a mesh consisting entirely of 

hexahedrons to propagate in the majority of the block. In order to avoid cells with high skewness face sizing 

functions were used that kept the cell size down. As such, the mesh of the corner seen in dark green in 

figure 6.9 consists of tetrahedrons and pyramids. 
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Figure 6.9. Top block mesh seen from upstream including the corner. 

Resulting from these methods, the top block mesh seen from above can be seen in figure 6.10. 

 

Figure 6.10. Top block mesh seen from above. 

Since the heater block did not have complex corners involving screws, there was no need to separate them 

as for the top block. Similarly to the majority of the top block, the heater block mesh was generated 

consisting entirely of hexahedrons as seen in figure 6.11. 

 

Figure 6.11. Heater block mesh seen from above. 

As for the inlet and outlet transition parts, the majority of the bodies were meshed using hexahedrons. 

Certain parts of the inlet and outlet clamps had to be meshed using tetrahedral meshes as seen in figure 

6.12, simply because a high-quality hexahedral mesh was not able to be generated while still sharing topology 

with surrounding bodies. 
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Figure 6.12. Mesh of the inlet transition. 

The bodies surrounding the outlet were meshed using the same selection of mesh method and structure 

which is illustrated in figure 6.13. 

 

Figure 6.13. Mesh of the outlet transition. 

Observing the inlet and outlet mesh structures, it’s clear that the goal of achieving a finer mesh in the fluid 

has been fulfilled. The insulation was meshed using the automatic meshing tool generating a tetrahedral 

mesh as seen in figure 6.14, and can also be found in appendix 1. In order to ease the transition between 

hexahedral elements and tetrahedrons for the GGI face sizing was used in the contacts where necessary. 
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Figure 6.14. Insulation mesh with a cutout for the rig. 

6.1.3 Mesh Quality 

While unacceptably skewed cells were avoided entirely, a handful of cells had skewness values in the “Bad” 

range from figure 5.13 as can be seen in the graph in figure 6.15. The same figure can be found in Appendix 

2. 

 

Figure 6.15. Cell numbers with skewness between 0.94 and 0.97 for channel 3. The y-axis scales to 11. 

Overall, the statistics for the skewness levels for the channel 3 mesh were low as per table 6.2. 

Table 6.2. Skewness statistics for channel 3. 

 

As for the orthogonal quality, unacceptable cells were avoided altogether. Values in the “Bad” range were 

however much harder to eliminate as is apparent in figure 6.16. The reason for this is the stretched-out cells 

that occur due to the thin boundary layer cells. Figure 6.16 can be found in appendix 3. 
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Figure 6.16. Orthogonal quality values between 0.02 and 0.14 for channel 3. The y-axis scales to 10973. 

While unacceptable values of orthogonal quality were avoided, it was achieved at the expense of mesh size 

and simulation time. Increasing the lowest orthogonal quality value requires refinement of the mesh in the 

flow direction, immediately increasing the number of cells drastically. This of course increases the time it 

takes for the solver to converge. The final refinement concluded in that the size of the cells along the flow 

direction were cut in half for the channel and the pipes in order to avoid unacceptable values. Table 6.3 

shows the overall statistics for the orthogonal quality of the mesh. 

Table 6.3. Orthogonal quality statistics for channel 3. 

 

The primary reason for the difference between the element and cell counts of the coarse and refined meshes 

is how many cells are included in the fluid domain. Changing the first layer thickness of the inflation layer 

from 1 µm to 0.1 µm and adjusting not only to have a better ratio of neighboring cells in the channel but 

also to have an acceptable orthogonal quality increased the cell count drastically. 

6.1.4 Solver Results and Mesh Resolution Evaluation 

From the CFX solver some data is gathered regarding primarily mesh statistics as well as the convergence 

of the solution in the form of imbalance plots. When put through the solver, the maximum expansion factor 

and aspect ratio of each domain is calculated and displayed. One domain was found to have expansion 

factors outside of the recommended value of 100 which can be seen in the mesh statistics table in figure 

6.17. While this is a clear indication that the transition in cell size is too large at some locations, less than 

1% of the cells were within this range in each respective domain. Similarly, the fluid domain had a maximum 

aspect ratio of 15,394. Although this value exceeds the recommended value of 15 000, it is not to such a 

large extent that it should cause any issues. Outside of these cases, the mesh caused no warnings. 
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Figure 6.17. Mesh statistics during the solver run. 

The imbalances seen in figure 6.18 used to keep track of the convergence of the system all ended up well 

below 0.5%. It is thus safe to consider the solution converged. The flow values in the center column of the 

normalized imbalance summary have been masked. 

 

Figure 6.18. Solver imbalance at the end of a run. 

6.1.4.1 Evaluating the Mesh Resolution 

In order to further evaluate the convergence of the solution, a comparison between double-precision and 
single-precision solutions was performed. If the mesh grid is fine enough, the difference between the 
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solutions should be close to irrelevant in terms of analyzing the results. When analyzing the differences in 
total enthalpy, pressure and temperature, it was found that the difference was insignificant. In figure 6.19 
the relative differences can be seen between two cases using single- versus double-precision. Most of the 
differences in the fluid lie close to 0 in the magnitude of 10-5 (0.001%), with the largest difference being for 
the enthalpy with a difference of 0.1% in some locations. 

 

Figure 6.19. Example of relative comparisons between cases using single-precision versus double-
precision. The contour plots show the fluid in the inlet transition as well as the channel. 

As would be expected, the enthalpy and temperature differences are fairly similar. Overall it is clear that the 

use of single- or double-precision does not affect the results in any meaningful way, and as such single-

precision is adequate in resolving the solution. This also validates that the errors occurring in the solver due 

to high expansion factor and aspect ratio can be ignored. 

Similarly, the high resolution model was compared to a first order model mentioned in chapter 5.4. The 

difference between the models was negligible similar to single- vs double-precision and the mesh grid can 

thus further be confirmed to be fine enough to resolve the solution. 

6.1.4.2 Comparing the Refined y+-value to the Coarse Mesh 

As a result of the refinement of the mesh, the 𝑦+ values in figure 6.20 could be seen. For the refined mesh, 

these stayed within a magnitude of 10-1-100. 
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Figure 6.20. 𝑦+ values along the channel and pipe walls of the refined mesh. 

Recalling the criteria for the SST model, these 𝑦+ values should be more than sufficient in order to resolve 

the heat transfer. 

6.1.4.3 Summary of Solution Convergence 

From the plots and statistics mentioned earlier in this chapter, the iteration and solution errors have been 

taken into account and corrected for to avoid them without increasing the simulation time. Summing up the 

criterions up that are used to validate the convergence of the model, the following list is formed: 

➢ Residuals and important values checked during the solver run to get as close to convergence as 

possible without drastically increasing simulation time. Residuals < 1 ∗ 10−4 and temperature 

variations of < 0.1 𝐾 over 100 iterations 

➢ Imbalances ≪ 0.5% 

➢ Single- vs double precision error < 0.1% 

➢ First order vs high resolution error < 0.1% 

➢ 𝑦+ < 1 in order to resolve the heat transfer 

As such, the iteration and solution errors are accounted for. Model errors will be handled in chapter 7: 

Discussion. 

6.1.5 Rig Response and Post Processing of data 

In order to properly map the behavior of the rig and understand how different inlet parameters affect the 

response of the rig, surface response plots were set up using ANSYS optiSLang. This allowed filtering out 

cases that have one or more problematic thermodynamic properties and to aid in visualizing which cases 

stand out. When exporting the data to optiSLang, it generates a matrix indicating how the variables relate 

to each other. It becomes clear when observing the matrix in figure 6.20 that each response is dependent 

on all of the input variables, although many of them are negligible. Note that the Reynold’s number is 

included as an input parameter and is calculated at the inlet. The COP matrix can also be found in appendix 

4. 
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Figure 6.21. COP matrix of the rig response. A factor of 0 means that the input has no correlation to the 
output, while a value of 1 or -1 means that it is directly dependent on the input. 

6.1.5.1 Generic Efficiency of the Rig 

In order to get a clearer picture of which parameters matter most for each response, the MOP-solver 

(Metamodel of Optimal Prognosis) can reduce the input parameters as per figure 6.22 so that only the 

most important show in the model. Note that in order to validate design points, the inlet pressure is a 

more interesting parameter to look at than the outlet pressure since this is what can be controlled in 

reality. 
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Figure 6.22. COP matrix after reduction of parameters, note that the normalized power input is denoted 
as q_norm. 

The red boxes on the far right in the table display the COP value indicating how well the surface response 

is fitted to the data.  In order to get an initial estimation of the behavior of the rig, the relative heat that the 

fluid absorbs is plotted against the inlet temperature and power. Figure 6.23 shows that for high 

temperatures and low inlet power the energy losses through the insulation to the surrounding environment 

increase drastically. 
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Figure 6.23. Surface response of the efficiency of the rig. 

This is a logical result of the fluid being preheated to a temperature that causes it to heat the insulation 

before it enters the channel. When analyzing the COP values of the prediction, it becomes increasingly clear 

from figure 6.24 that the effect of this interaction between the fluid and the insulation causes difficulties in 

fitting these cases to the surface response. 
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Figure 6.24. COP values of the efficiency of the rig. 

As a way of finding the reason for this, an analysis of the energy flow through three interfaces is set up. The 

heater interface, the contact surface for the solder and the channel as well as the contact surface for the fluid 

and the channel and pipes in relative comparisons. 

Figure 6.25 shows that for normalized inlet values as [1 1 1 x] having a normalized �̇�ℎ𝑒𝑎𝑡𝑒𝑟𝑠 value of 0.06 

results in more heat passing through the interface between the solder and the channel than the total heat 

input to the fluid. This indicates that the fluid heats the rig in other areas causing heat to flow to the 

surrounding environment. When the power is increased however, the relationship starts to represent the 

desired relationship for the energy flow. 
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Figure 6.25. Graph showing the relationship between different energy flows in the rig. 

When filtering the results giving this type of response, a smoother surface response is generated as can be 

seen in figure 6.26. 

 

Figure 6.26. Efficiency after lower power inputs are filtered out. 

Although the fitted data matched had an overall COP of 0.2% less with the surface, filtering input power 

levels to only include values above 0.22 reduces the dependency on input power from 71.3% to 12.3%. It 

is clear that as dependency on inlet temperature and input power is reduced, figure 6.27 shows that the 

dependency on the Reynold’s number is increased. This indicates that as the edge cases where the rig 
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behaves in unintended ways are filtered out, flow parameters become increasingly more important in 

determining the efficiency of the rig. As convective heat transfer is dependent on many fluid parameters 

this is thermodynamically sound. 

 

Figure 6.27. COP matrix after filtering out the low power inputs. 

It is clear that this case does not operate as intended both because of the high losses but also due to the heat 

transfer behavior of the fluid in the pipes. 

In order to visualize the difference between a case with maximum preheating and one with the lowest inlet 

temperature, a comparative contour plot over the symmetry plane was generated. The cases that are 

examined first are [1 1 0.45 0.06] and [1 1 1 0.06]. From this comparison, it is clear that the fluid heats the 

insulation before entering and after it exits the channel. The red color indicates the highest temperature 

difference and blue indicates the lowest temperature difference. In accordance with previously masked data, 

the actual values of the temperature difference in figure 6.28 have been removed. 
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Figure 6.28. Contour plot of temperature differences between cases with different preheat temperatures. 

6.1.5.2 Mach Number and Separation Effects 

Similarly, the Mach number can be analyzed in order to single out the cases where there is risk of choked 

flow in the channel. The Mach number is largely dependent on inlet pressure and mass flow rate according 

to figure 6.22 which is physically correct. Since the Reynold’s number is dependent on mass flow, it appears 

as a strong variable for the Mach number as well. The overall fit for the Mach number is at a 99.5% COP 

value. However, when comparing the maximum Mach number that occurred in the simulations to the 

surface response, the surface response overshoots the maximum by a factor of 2.5. In figure 6.29 it is clear 

that the response surface suggests that the flow should transcend into supersonic for high mass flows and 

low pressures. 

 

Figure 6.29. Mach number surface response. 
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The surface response suggests that the Mach number will increase to values upwards of 2.5 and might go 

even higher depending on which case is studied. Since the maximum Mach number that was found during 

simulations was equal to 0.94, this suggests that the fit for these cases is worse than for the rest of the 

surface. When studying the outliers, it was clear that practically all Mach numbers above 0.5 were found in 

cases with the highest mass flow and lowest inlet pressure. The input value of �̇�ℎ𝑒𝑎𝑡𝑒𝑟𝑠 was found to have 

a negligible effect on the Mach number, validated by the COP matrix in figure 6.22. As a result, the COP 

contour plot seen in figure 6.30 confirmed that these cases were much more difficult to predict. 

 

Figure 6.30. COP values for Mach number surface response. 

As figure 6.30 accurately depicts, the prediction is significantly worse at high mass flows and low pressures. 

These cases were found to have a strong correlation to the separation effects occurring in the outlet diffusor 

of the rig. Figure 6.31 shows how Mach number and cells with negative velocity in the flow direction 

correlate for the case of [1 0.24 1 0.65] at the outlet diffusor. 

 

Figure 6.31. Mach number and separation effects at the channel outlet diffusor [1 0.24 1 0.65]. 

Comparatively, if the same correlation is studied for the case of [1 1 1 0.65], meaning that the only difference 

in input data is a higher inlet pressure, the separation effects are still there but become less prominent. The 

highest negative velocity is approximately reduced by a factor of 6 and the highest Mach number is reduced 

from 0.92 to 0.19 when comparing figure 6.32 to figure 6.31. Both of these figures can be found in appendix 

5. 
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Figure 6.32. Mach number and separation effects at the channel outlet diffusor [1 1 1 0.65]. 

As stated earlier, Mach numbers over 0.5 only appeared for these cases at the highest mass flow rate and 

low inlet pressures. When these cases were filtered out, a much more representative response surface for 

the Mach number is generated as per figure 6.33. 

 

Figure 6.33. Mach number response after cases with risks of transonic flows are filtered out. 

The best indicator of this is that the surface connects with multiple data points, and that the increase with 

lower inlet pressure and higher mass flow does not overshoot into supersonic. 

6.1.5.3 Response with Regards to the Limiting Factors of the Rig 

A similar analysis can be done with regards to the maximum temperature in the heater block, which 

according to figure 6.22 is mostly dependent on the power supplied through the heaters. The maximum 

temperature becomes increasingly dependent on mass flow the higher the power level is, illustrated in figure 

6.34. 
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Figure 6.34. Maximum heater block temperature. 

However, many of the temperature levels are not viable for experiments since they overshoot the maximum 

allowed temperature of 1023 K. These cases are therefore filtered out and a new MOP is generated giving 

the response shown in figure 6.35. This also resulted in that the inlet temperature became a much more 

deciding factor (23.2%) in how the maximum temperature changes while the mass flow rate became less 

important. The factor for the power input remained the major influence on the maximum temperature. 
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Figure 6.35. Filtered maximum heater block temperature. 

From analyzing the maximum temperature in the heater block design points could be specified. Figure 6.36 

shows where all cases fall in comparison to the maximum allowed temperature in the heater block. This plot 

illustrates the effects that inlet temperature, mass flow and input power have on the design points. It also 

confirms that the inlet pressure has a negligible effect on the temperature of the heater block. 

 

Figure 6.36. Graph over cases and the highest allowed heater block temperature. 

When studying the lowest mass flow rate, it is confirmed that the CFD analysis does not operate as expected 

when the fluid temperature reaches values outside of its specified range. An expected result would be that 
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the highest inlet temperature always generates the highest heater block temperature regardless of input 

power. However, according to the CFD results a normalized inlet temperature of 0.45 has the highest heater 

block temperature at maximum power as can be seen in figure 6.37. 

 

Figure 6.37. Maximum heater block temperatures for cases with a mass flow of 0.21. 

When zooming in on figure 6.37 and examining the cases that fall within valid temperatures, the expected 

behavior can be observed in figure 6.38. 

 

Figure 6.38. Allowed cases depending on the maximum heater block temperature for a normalized mass 
flow of 0.21. 

Figure 6.36 clearly shows that no cases at the maximum input power fall below the highest allowed 

temperature of the heater block. Importantly, this temperature is not taken from the bottom of the heater 
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block but rather from the entire volume in order to accurately depict which cases would work in real 

experiments. 

In figure 6.36 it is also clear that mass flow, inlet temperature and power all have distinct effects on the 

maximum temperature of the heater block. The pressure however seems to have a negligible effect on the 

maximum temperature. Plotting the temperature with respect to the inlet pressure confirms that the 

temperature of the heater block only varies slightly depending on the pressure and the relationship can be 

seen in figure 6.39. 

 

Figure 6.39. Maximum heater block temperature dependency on pressure. 

While there is a difference in maximum heater temperature at different pressures, it has an almost negligible 

impact on the viability of design points. As such, while inlet pressure is important to know, attempts to 

adjust for pressure drops over the channel were ignored in favor of studying the reasons for its variations 

and other physical phenomena. 

6.1.5.4 Location for the Highest Temperature in the Rig 

In order to avoid malfunction of the heater block in future experiments, the location of the maximum heater 

block temperature was once again analyzed to validate or disconfirm locations found in previous studies. 

As such, an attempt to localize where the maximum temperature along the bottom wall was done through 

isolating high temperatures. The first case that was tested was [1 1 1 0.65]. It is clear in figure 6.40 that the 

maximum temperature along the bottom of the heater block is not located at the second to last heater as 

found in previous studies. 
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Figure 6.40. Maximum temperature location for [1 1 1 0.65]. 

In order to estimate whether this location is static, a comparison is made to [1 1 0.45 0.06] in order to see if 

preheating and inlet temperatures could potentially affect the location. In figure 6.41 it is apparent that while 

there is a shift in the location of the maximum temperature, it is located at the same heater element. Worth 

noting is that the heater block is to a higher degree at similar temperatures across the block in this case, 

clearly indicating the lack of input heat flux and thus the cooling doesn’t cause as large temperature gradients. 

 

Figure 6.41. Maximum temperature location for [1 1 0.45 0.06]. 

In order to ensure safe temperatures throughout the heater block, the temperature profiles on the third last 

heater row were examined. In order to generate a clearer picture of where maximum temperatures might 

occur and how the measurement at the bottom is related to the actual maximum temperature, the case with 

values of [1 1 1 0.65] was used again. The result was that the maximum temperature was located at 

approximately 25% of the normalized height of the heater block as seen in figure 6.42, still located at heater 

row 5. 
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Figure 6.42. Maximum temperature location along the heaters for [1 1 1 0.65]. 

This maximum heater temperature point translates to roughly 0.64 of normalized distance along the heater 

block. The maximum temperature at this point was approximately 8 K higher than at the bottom of the 

block and as such, the margin of safety for the temperature of the heaters can be considered valid. An 

important comparison to draw is to the location of the actual measurement point, which is located roughly 

0.15 𝑥𝑛𝑜𝑟𝑚  further down along the block. The temperature difference between these two locations is 

practically negligible in terms of monitoring the temperature of the heater block. 

In order to properly analyze whether the maximum temperature location is repositioned depending on case, 

the same analysis is done on [0.21 1 1 0.29]. For this case, the location of the maximum temperature was 

found to be at the second to last heater. As such, the location that holds the maximum temperature varies 

depending on case. Although the temperature variation in these regions usually only differ by a magnitude 

of 10-1-100, it is clear that the location is not static from figure 6.43 according to the CFD analysis and more 

drastic changes in input parameters could potentially affect the location further. 
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Figure 6.43. Maximum temperature location for [0.21 1 1 0.29]. 

This location matches the measurement location more accurately, which is located at the end of heater row 

6. The maximum temperature location is roughly at the same height as for the other cases as can be seen in 

figure 6.44. 

 

Figure 6.44. Maximum temperature location along the heaters for [0.21 1 1 0.29]. 

 

6.1.5.5 Fluid Temperature 

The fluid temperature was found to primarily be dependent on the mass flow and the input power according 

to figure 6.22. Figure 6.45 shows that the dependency on mass flow increases with increased input power. 
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Figure 6.45. Maximum fluid temperature surface response. 

According to figure 6.22 the overall COP is 100%, suggesting that the fit is near perfect. When filtering out 

the cases with a maximum heater block temperature moving outside of the allowed range, the maximum 

fluid temperature is found to depend more on the inlet temperature than the mass flow. As such, the 

maximum fluid temperature is plotted with respect to these inlet values in figure 6.46. The COP stays at 

100% even after the filter is applied. 
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Figure 6.46. Maximum fluid temperature surface response when maximum heater block temperature limit 
is enforced. 

6.1.6 The Potential Risk of Coking and Related Measurements 

As a guideline for future experiments, the case with the highest fluid temperature that did not exceed the 

maximum heater block temperature was studied. The case that has the highest fluid temperature with respect 

to the highest allowed heater block temperature coincidentally could be pushed a little bit further. An extra 

finer step in power should thus still fall within valid design points. This case was [0.21 0.24 1 0.29] which 

had a maximum heater block temperature of 968.8 K. At this design point, the maximum fluid temperature 

reached 903.1 K. The expected temperature profiles along the measurement lines defined in the 

measurement plan and in the measurement locations can be seen in Figure 6.47. 
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Figure 6.47. Temperature measurements for the measurement lines. 

The impact of the heaters on the temperature in the measurement locations can clearly be seen through the 

small fluctuations along the measurement lines for TEH and TWH. The measurement points had values 

corresponding to tables 6.4-6.7.
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Table 6.4. Temperatures at the TEH 
measurement locations. 

TEH Temperature [K] 

TEH3 933.8 

TEH5 939.9 

TEH7 942.0 

 

Table 6.5. Temperatures at the TWH 
measurement locations. 

TWH Temperature [K] 

TWH1 916.9 

TWH2 927.9 

TWH4 934.7 

TWH6 936.5 

TWH8 937.8 

TWH9 935.2 

 

Table 6.6. Temperatures at the TWM 
measurement locations. 

TWM Temperature [K] 

TWM3 794.6 

TWM5 805.9 

TWM7 814.3 

 

Table 6.7. Temperatures at the TWC 
measurement locations. 

TWC Temperature [K] 

TWC1 699 

TWC3 711 

TWC5 721.4 

TWC7 733.1 

TWC9 740.6 

 

 

The temperature profile along the contact between the fluid and channel wall is of great interest for the 

potential risk of coking. Figure 6.48 shows a contour plot over this surface which also indicates where the 

contact between the channel and the solder stops. Due to the curvature of the contours, it can be seen that 

the warmest fluid temperature seemingly lies close to the corner of the channel. 

 

Figure 6.48. Perspective view of the temperature profile along the channel wall. 
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The temperature profile at the measurement location for the outlet temperature was found to have slight 

stratification. The measurement points are marked as black points in figure 6.49, where the stratification at 

the outlet measurement point can be seen from upstream. 

 

Figure 6.49. Temperature stratification at the measurement of the outlet temperature. 

The channel temperature profile in this case showed that the location with the highest temperature in the 

channel was the corner, and it reaches upwards of 942 K. The contour plot seen in figure 6.50 is taken from 

a plane within the channel, approximately at the point where the maximum temperature would lie for the 

heaters. It is clear from the figure that the maximum temperature is found in the corner of the channel, 

corresponding to the location of the highest fluid temperature. 

 

Figure 6.50. Distorted view of the temperature at a cut out plane of the channel. 
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The temperature profile on the heater and top block can be seen in figure 6.51, illustrating that the fluid’s 

capability to cool the rig is decreased as it travels along the channel. At the end of the blocks, the temperature 

decreases partly due to the conduction into the insulation. 

 

Figure 6.51. Heater and top block temperature profile for the case with highest risk of coking. 
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6.1.7 Valid Cases 

In order to summarize the cases that were valid for configuration 3, a table that excludes the previously 

filtered cases can be put together in table 6.8. Generally, cases with low input power do not provide 

important output data outside of the lowest mass flow rate. Pressure levels primarily affect the Mach number 

and with it the pressure drop. Mass flow has a direct effect on which power levels are valid and the inlet 

temperature is defining for many responses. 

Table 6.8. Summary of the validated cases. 

Channel configuration �̇�, normalized 𝑇𝑖𝑛, normalized 𝑝𝑜𝑢𝑡 , normalized �̇�ℎ𝑒𝑎𝑡𝑒𝑟𝑠, normalized 

3 

0.21 

0.45 0.24, 0.62, 1 0.06 – 0.41 

0.61 0.24, 0.62, 1 0.06 – 0.41 

1 0.24, 0.62, 1 0.18 – 0.29 

0.59 

0.45 0.24, 0.62, 1 0.06 – 0.76 

0.61 0.24, 0.62, 1 0.06 – 0.64 

1 0.24, 0.62, 1 0.18 – 0.53 

1 

0.24 0.62, 1 0.06 – 0.88 

0.62 0.62, 1 0.06 – 0.88 

1 0.62, 1 0.18 – 0.53 

 

As a result, of the initial 243 cases defined in table 5.4, 121 cases were validated to have heater temperatures 

below the maximum, Mach numbers in acceptable regions as well as no drastic losses. 

6.2 Channel 4 

Since many results are fairly similar for both channel configurations, the results for channel configuration 4 

will primarily be focused around confirming and validating the model, defining which cases are valid, and 

which cases might be most interesting to look at with regards to coking. 

6.2.1 Initial CFD Post Analysis of a Coarse Mesh 

Similarly to channel 3, using a coarse mesh allows for faster work with understanding whether the model 

functions as intended. This is especially true since the material of the channels differ, and as such the 

domains are defined differently. In order to study the behavior of the model, the temperature profile over 

the symmetry plane is studied for channel 4 similarly to channel 3. Initially, the mesh is run with the same 

definitions for materials as for channel 3, with the only difference being the geometry for the channel. The 

test run is set up with similar input values as the other test run. At first glance, the maximum temperature 

of the rig is seemingly lower for this model, as seen in figure 6.52. This can however not be seen as proof 

since the channel material is wrong, and as such the conduction through the channel may differ when the 

correct material is accounted for. 
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Figure 6.52. Contour plot of the temperature profile over the symmetry plane in the test case. 

As with the other channel, the temperature is highest in the heater block. A similar profile is seen in the 

blocks, and the maximum temperature is once again found somewhere after the halfway point. Figure XX 

illustrates this. 

 

Figure 6.53. Heater and top block temperature profile for the test case. 
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The 𝑦+ value required similar refinement as for channel 3, indicated by the fact that the maximum 𝑦+ value 

seen in figure xx once again is too high compared to the criteria of 𝑦+ < 1. 

 

Figure 6.54. 𝑦+ value at the inlet transition of the test case. 

As such, the mesh is refined similarly to the channel 3 mesh. 

The separation effects for the channel 4 configuration were less apparent than for channel 3. This should 

result in less risk of choke but might not have the same natural mixing effect that the other configuration 

has. Comparing figure XX with figure XX there is a clear difference in the separation effects of the two 

configurations. 

 

Figure 6.55. Streamlines at the outlet diffusor of the test case. 
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6.2.2 Mesh Results 

The mesh for channel 4 ended up being fairly similar to the one for channel 3. Table 6.9 shows how the 

nodes and elements are divided over each domain in the channel 4 mesh. Note the difference in that channel 

4 contains a separate domain for the channel geometry due to having a different material. 

Table 6.9. Mesh numbers for channel configuration 4. 

 

The difference in the number of elements between the two models comes primarily from the difference in 

channel geometries. Channel 4 having a larger fluid volume causes it to contain more nodes and elements. 

Once again, the fluid contains the majority of the nodes of the mesh and its mesh can be seen in figure 6.56. 

 

Figure 6.56. Mesh grid of the fluid and channel for configuration 4. 

The remainder of the mesh is generated similarly to channel 3. As such, the skewness and orthogonal quality 

values were similar for the two configurations as can be seen in table 6.10 and 6.11. 
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Table 6.10. Skewness values for the refined 
channel 4 mesh. 

 

Table 6.11. Orthogonal quality values for the 
refined channel 4 mesh. 

 

6.2.3 Solver Results and Mesh Resolution Evaluation 

Similarly to the channel 3 configuration, the expansion factor and aspect ratio exceeded the recommended 

values for single-precision, however the aspect ratio stayed within acceptable ranges for double-precision. 

 

Figure 6.57. Mesh statistics for channel 4 configuration in a single-precision run. 

The imbalance summary in figure 6.58 confirms the convergence of the solver. 
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Figure 6.58. Normalized imbalance summary of a run with the channel 4 configuration 

The convergence is further confirmed by once again comparing the single-precision solution to double-

precision, and similar to configuration 3 the difference was at most 0.1%. Additionally, the 𝑦+ value seen 

in figure 6.59 was once again lower than 1, satisfying the criteria for resolved heat transfer. 

 

Figure 6.59. 𝑦+ value after mesh refinement. 

6.2.3.1 Summary of Convergence 

The convergence of channel 4 is similar to channel 3, see chapter 6.1.4.3. 

6.2.4 Rig Response and Post Processing of data 

The results from the channel 4 configuration are run through optiSLang once again to generate response 

surfaces. While there are certain differences, the responses are largely similar to the channel 3 responses. 
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Figure 6.60. CoP matrix after reduction of parameters for the data gathered from channel 4. 

6.2.4.1 Generic Efficiency of the Rig 

The same phenomena observed for channel configuration 3 can be found for channel 4. Figure 6.61 helps 

validate that cases with high inlet temperatures and low input power are impractical to study due to the 

relatively high losses. 
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Figure 6.61. Efficiency surface response for configuration 4. 

As was found for channel 3, the cases with high losses behave differently and as such are difficult to fit to 

the surface response. They are therefore filtered out in a similar fashion and the response surface is fitted 

better to the data as seen in figure 6.62. 
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Figure 6.62. Filtered efficiency response for channel 4. 

6.2.4.2 Mach Number 

In accordance with the smaller separation effects, the Mach number was also lower for channel 4. The 

highest Mach number occurred in the [1 0.26 1 1] case, with a value of 0.46. An important note is that while 

the maximum temperature of the heater block is exceeded for this case, the �̇�ℎ𝑒𝑎𝑡𝑒𝑟𝑠 value has an almost 

negligible impact on the Mach number while its effect on the maximum temperature is high. As such, the 

temperature limit is of little importance to the Mach number. The surface response for the maximum Mach 

number for configuration 4 is shown in figure 6.63. It is clear that the surface response fits the data much 

better than for channel 3 and that no cases are close to sonic speed, and as such filtering the response is not 

of importance. 
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Figure 6.63. Mach number surface response for channel 4. 

Similarly to channel 3, the surface response in figure 6.63 shows how the Mach number is primarily related 

to pressure and mass flow. Looking at the separation effects occurring for the case with the highest Mach 

number shown in figure 6.64 (𝑀 = 0.46), it is clear that channel 4 is less prone to separation when 

compared to figure 6.31 or 6.32. 

 

Figure 6.64. Cells with negative velocity in the flow direction, indicating separation. 
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6.2.4.3 Response with Regards to the Limiting Factors for the Rig 

Filtering the temperatures that exceed the heater block limit generates the surface response seen in figure 

6.65. Once again the heater power and the inlet temperature are the main deciding factors for the heater 

block temperature. 

 

Figure 6.65. Heater block temperatures surface response. 

What becomes obvious when studying the temperatures of the heater block is that channel 4 is seemingly 

worse at cooling the rig. However, it needs to be reemphasized that all results where the 900 K limit of the 

tables used to calculate the state of the methane have some form of numerical error.  
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Figure 6.66. Heater block maximum temperatures for each case for configuration 4. 

6.2.4.4 Fluid temperature 

Similarly to the heater block temperatures, the fluid temperature was also higher for configuration 4. The 

highest fluid temperature when cases with a heater block temperature above 1023 K are filtered out is 949.4 

K. Important to note is that this temperature corresponds to a heater block temperature of 1021 K, just 

below the heater block temperature limit. 
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Figure 6.67. Fluid temperature surface response. 

6.2.5 The Potential Risk of Coking 

Since channel 4 contains a material with higher nickel content the catalytic effects of the material should 

provide higher chances of coking for similar temperatures. However, choosing the case with highest risk of 

coking becomes more difficult for configuration 4 due to one key reason: While the maximum temperature 

of the fluid is important, the rate of coking might depend heavily on the bulk fluid temperature and as such 

small differences in maximum temperature might not be as important in choosing a specific case. For 

configuration 3 this was a non-factor since the temperature differences were relatively large and as such 

cases with lower inlet temperatures were outside of a reasonable margin for this to be questioned. The two 

cases with the highest maximum fluid temperatures for channel 4 were [0.21 0.62 0.45 0.41] and [0.21 0.24 

1 0.29], with 949.4 K and 947.4 K respectively. Note that the second case has the same inlet parameters as 

the case studied for channel 3. 

6.2.5.1 Case with Lowest Inlet Temperature 

An interesting behavior was found for the measurements of the temperature on the cold side of the channel. 

Looking at the bottom right plot in figure 6.68 the temperature spikes upwards at the beginning and the end 

of the channel, suggesting a steep temperature gradient that was not found for channel 3. This is most likely 

due to the different materials used for the channels, as GKN Alloy 1 has a slightly lower thermal conductivity 

than GKN Alloy 2. 
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Figure 6.68. Temperature plots for measurement lines and locations. 

The temperatures of the measurement points marked with red crosses in figure 6.68 can be found in tables 

6.12 to 6.15. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 
 

-84- 
 

Table 6.12. TEH temperature values for the 
measurement locations for [0.21 0.62 0.45 0.41]. 

TEH Temperature [K] 

TEH3 975.7 

TEH5 984.3 

TEH7 984.2 

 

Table 6.13. TWH temperature values for the 
measurement locations for [0.21 0.62 0.45 0.41]. 

TWH Temperature [K] 

TWH1 949.4 

TWH2 969.1 

TWH4 979.2 

TWH6 980.9 

TWH8 979.2 

TWH9 972.5 

 

Table 6.14. TWM temperature values for the 
measurement locations for [0.21 0.62 0.45 0.41]. 

TWM Temperature [K] 

TWM3 679.7 

TWM5 697.8 

TWM7 704.5 

 

Table 6.15. TWC temperature values for the 
measurement locations for [0.21 0.62 0.45 0.41]. 

TWC Temperature [K] 

TWC1 422.0 

TWC3 437.7 

TWC5 451.2 

TWC7 459.1 

TWC9 461.7 

 

The maximum temperature along the channel wall is similar to configuration 3, close to the corner. The low 

bulk temperature of the fluid shows in how the temperature varies along the channel wall, differing more 

than 400 K as seen in figure 6.69. 

 

Figure 6.69. Temperature profile of the channel for the case with the highest fluid temperature with the 
lowest inlet temperature. 
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The smaller separation had the expected effect of a less mixed flow. Figure 6.70 illustrates this where the 

temperature difference between the intended locations for the probes in the temperature rake reaches about 

6 K and thus being about six times or 5 K higher than for channel 3. 

 

Figure 6.70. Stratification of the outlet temperature. 

Due to the low bulk temperature of the fluid, the channel experiences temperature differences of up to 550 

K at a cross-section close to the maximum heater block temperature, seen in figure 6.71. 

 

Figure 6.71. Temperature of a cross-section of the channel, indicating that the maximum temperature is in 
the bottom left corner. 
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The temperature profile of the heater block once again shows how the maximum temperature of the rig is 

found after the halfway point in the flow direction. 

 

Figure 6.72. Heater and top block temperature profile. 
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6.2.5.2 Case with Maximum Preheat 

The largest temperature difference between the two cases is found on the cold side of the channel where 

the difference reaches upwards of 270K, clearly indicating how the inlet bulk temperature impacts the 

temperature measurements along the channel seen in figure 6.73. 

 

Figure 6.73. Temperature plots of measurement lines and locations for case [0.21 0.24 1 0.29]. 

The clear differences can be observed easier when comparing the values in tables 6.16-6.19 to those of 6.12-

6.15. 
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Table 6.16. TEH temperature values for the 
measurement locations for [0.21 0.24 1 0.29]. 

TEH Temperature [K] 

TEH3 965.7 

TEH5 972.6 

TEH7 974.4 

 

Table 6.17. TWH temperature values for the 
measurement locations for [0.21 0.24 1 0.29]. 

TWH Temperature [K] 

TWH1 947.9 

TWH2 960.6 

TWH4 968.3 

TWH6 970.1 

TWH8 970.9 

TWH9 967.7 

Table 6.18. TWM temperature values for the 
measurement locations for [0.21 0.24 1 0.29]. 

TWM Temperature [K] 

TWM3 796.6 

TWM5 810.8 

TWM7 820.2 

 

Table 6.19. TWC temperature values for the 
measurement locations for [0.21 0.24 1 0.29]. 

TWC Temperature [K] 

TWC1 692.5 

TWC3 696.3 

TWC5 704.4 

TWC7 714.3 

TWC9 721.8 

 

The temperature gradient along the temperature profile of the channel wall seen in figure 6.74. is smaller 

compared to the case with minimal preheat. 

 

Figure 6.74. Temperature profile of the channel for case [0.21 0.24 1 0.29]. 

Similar to the case with minimal preheat, the outlet temperature measurement locations inherit a 

temperature difference of around 6K, once again showcasing the lack of the natural mixing effect seen for 

the channel 3 configuration.  
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Figure 6.75. Stratification at the outlet measurement location for case [0.21 0.24 1 0.29]. 

As could be seen in figure 6.74, the temperature profile of the channel cross-section is seen to have a smaller 

gradient than for the previous case. Figure 6.76 shows how the corner of the channel once again holds the 

highest temperature. 

 

Figure 6.76. Cross-section temperature of the channel for case [0.21 0.24 1 0.29]. 

There’s a slight shift in the location of the maximum temperature of the heater block seen in figure 6.77  

compared to the previous case seen in figure 6.72. 
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Figure 6.77. Temperature profile of the heater and top blocks for case [0.21 0.24 1 0.29]. 

6.2.6 Valid Cases 

From the simulations with channel 4 138 cases were validated, summarized in table 6.20. 

Table 6.20. Summary of valid cases for configuration 4. 

Channel configuration �̇�, normalized 𝑇𝑖𝑛, normalized 𝑝𝑜𝑢𝑡 , normalized �̇�ℎ𝑒𝑎𝑡𝑒𝑟𝑠, normalized 

4 

0.21 

0.45 0.24, 0.62, 1 0.06 – 0.41 

0.61 0.24, 0.62, 1 0.06 – 0.41 

1 0.24, 0.62, 1 0.18, 0.29 

0.59 

0.45 0.24, 0.62, 1 0.06 – 0.64 

0.61 0.24, 0.62, 1 0.06 – 0.64 

1 0.24, 0.62, 1 0.18 – 0.41 

1 

0.24 0.24, 0.62, 1 0.06 – 0.88 

0.62 0.24, 0.62, 1 0.06 – 0.88 

1 0.24, 0.62, 1 0.18 – 0.65 
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7 Discussion 

The mesh analysis showed that the heat transfer should be resolved in a satisfactory way due to the 𝑦+ 

values being lower than 1 at the channel wall. There is however reason to believe that the heat transfer could 

be resolved for a slightly larger value, effectively reducing the mesh size and thus the simulation time. 

Additionally, this could provide less orthogonal values in the bad range and as such, a higher quality mesh. 

As for the convergence of the model, they satisfied the convergence criteria of less than 0.5% imbalance in 

all categories without issues. It was also clear when examining the solver window that each step of the heater 

function converged. In order to further prove that the model had converged, simulations comparing single- 

vs double-precision solvers as well as high resolution vs first order turbulence were carried out. The 

differences between the solutions were found to be in the range of ~0.1% and the mesh could thus be 

concluded as to be fine enough to resolve the solution. Considering all of these criteria, the models could 

be concluded as fine enough to converge even with less accurate solvers. 

While the results of the thesis were satisfactory at large, certain errors occur in the model due to 

simplifications both in the geometry and in the definitions of the simulations. There are four definitions to 

the geometry and the domains in CFX-pre that induce errors. Firstly, the inlet and outlet pipes used in the 

real rig are shorter, and couplings connect them to components further up- and downstream. The pipes that 

are connected to the inlet and outlet pipes are made of a different material which is not included in this 

thesis. The couplings themselves are also ignored and could potentially increase the heat transfer from the 

fluid to the insulation depending on their size. Secondly, the faces of the inlet and outlet pipes that are 

exposed to the surroundings are set to adiabatic in this analysis. While the errors induced by this definition 

should be small, it is clear in the figure illustrating the temperature difference profile of the symmetry plane 

that this has an effect close to the inlet and the outlet of the rig. Thirdly, the insulation was assumed to fill 

the entire enclosed volume with a cutout of the rig in the center. This simplification does not accurately 

depict the contact between the real insulation and rig. Lastly, as the heater block is the same for each of the 

four proposed channel geometries, a modification done in order to fit one of the channels on the rig affected 

this analysis. One of the channels is shorter, resulting in a different top block and thus the two final screws 

holding the copper blocks together required modifications to the heater block. As a direct result of this, the 

holes for these screws affect the analysis of the other channels as well. In this study the walls of these screw 

holes were assumed to be adiabatic. In reality, the volume might either be filled by air or some solid material, 

changing the behavior of the enclosed space. How this is taken into consideration for real experiments is 

for future analysis to determine. 

The maximum heater block temperature was found to move primarily depending on mass flow. While the 

temperature difference is low between the possible locations it indicates that the gas cools the rig and that 

mass flow is a key part of how much heat can be transferred to the fluid. 

From the surface response plots, it was clear that certain design points cause problematic thermodynamic 

effects in the rig. While the cases with high losses were not very interesting to begin with due to a high inlet 

temperature and low heat flux, the behavior is still important to keep in mind when setting up future design 

points. The Mach number was found to be heavily reliant on mass flow and inlet pressure, and choke was 

a realistic risk primarily at the highest mass flow and the lowest outlet pressure for channel 3. These cases 

are not recommended as starting points as they can induce shockwaves and thus unintended behavior of 

the fluid. Instead, cases with relatively predictable flows and maximum temperatures well outside of risking 

overheat are recommended starting experiments. 

The case with the highest risk of coking was singled out for analysis in order to visualize what the 

measurements of such a case could be like in a real experiment. For channel 3, it was found that the input 

power could marginally be increased since the margin to the maximum heater block temperature was safely 

avoided, and thus the fluid temperature could be increased further. The temperature stratification at the 

outlet measurement location was negligible and thus the need for a rake might be unnecessary for channel 
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3. It is however important to realize that while the calculations of separation in CFD models are relatively 

accurate, it is not a perfect representation of reality. As such, the stratification might need to be analyzed in 

a real experiment before drawing any conclusions regarding which measurement technique to use. For the 

channel 4 configuration the temperatures of the rig were closer to the limit of 1023K and the risk of coking 

is seemingly higher. Reading the data from the simulations, initial attempts at causing coking would ideally 

start with this channel rig partly due to the temperature but also due to the material having a higher nickel 

content. As for the outlet stratification of the channel 4 configuration, it ended up in a range of roughly 6K 

and as such a temperature rake is recommended. 
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8 Conclusions 

The CFD models built in this thesis were able to fulfill each of the goals specified in chapter 2. 

I. The models were refined with definition files more accurately reflecting the real rig. Additionally, 

the simulation was further optimized through the simplification of splitting the geometry and 

defining a symmetry plane. 

II. The model of the rig was found to work as intended, except in the case of the outlet diffusors. The 

separation effects were, while useful as a natural mixer, unintended and unforeseen. A future study 

could be performed where the separation effects are studied through parametrization of diffusor 

length as well as fillet size in order to capture the effects of the corners. 

III. The initial meshes were found to be too coarse to resolve the boundary layers, and as such they had 

to be refined. 

IV. The database of design points was provided through output responses by the rig as well as the 

possibility of extracting specific measurements from any interesting case. The databases contained 

131 and XX (Valid cases for channel 4 are not explored in full yet) cases respectively after 

uninteresting or problematic cases had been filtered out. 

V. Specific cases could either be filtered out or analyzed at will and provided a good understanding of 

the behavior of the rig. While many of the filtered cases were valid from a technical standpoint, 

they either introduced unwanted behavior or problematic physical phenomena that could cause 

problems in real experiments. 

As a whole, the capability of the rig to evaluate the cooling potential of methane should be satisfactory. 

Studying the effects on the channels from coking is a realistic goal and the database should be able to provide 

enough data to specify design points where the effects can be studied. 
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Appendix 

Appendix 1. Insulation mesh. 
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Appendix 2. Highly skewed cells for channel 3. 
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Appendix 3. Cells with low orthogonal quality for the channel 3 mesh. 
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Appendix 4. COP matrix showing the relationship between each parameter. 
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Appendix 5. Mach number and separation showcase for two cases with different pressures. 

 


