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 ii 

 

ABSTRACT 

 

Computational Fluid Dynamics is the analysis of a system involving fluid flow, heat 

transfer and associated phenomena such as chemical reactions by means of a 

computer-based simulation. The simulations in this study are performed using (CFD) 

software package FLUENT. The mixture of two gases (Silane gas (SiH4) and 

Hydrogen gas (H2)) are delivered into the hot-wire chemical vapor deposition system 

(HWCVD) with the two deposited substrates (glass and Silicon). This process is 

performed by the solar cells group of the Physics department at the University of the 

Western Cape. In this thesis, the simulation is done using a CFD software package 

FLUENT, to model the gas-flow patterns inside the HWCVD system. This will show 

how the gas-flow patterns are affected by the varying temperature of the heater in 

each simulation performed in this study under a constant pressure of 60µBar of the 

system. 
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τ                           : stress                                                                               N/m2 

µ                          : dynamic molecular viscosity                                         kgm-1s-1 

δij                         : kronecker delta function                                                    - 

λ                          : bulk viscosity                                                                    m/s2 

µ                          : kinematics viscosity                                                          m2/s 

V                          : velocity vector                                                                   m/s 

T                          : temperature                                                                          K 

Sm                        : mass source                                                                       kg/m3-s 

p                          : pressure                                                                                Pa 

Ѓ                          : exchange coefficient (laminar + Turbulent)                         - 
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Cp                       : specific heat at constant pressure                                       J/kg-k 

g                         : gravitational acceleration                                                     m/s2 

K                        : thermal conductivity                                                          W/m-k 

D/Dt                   : substantial derivative                                                               - 

φ                        : dependent variable                                                                   - 

 

Abbreviations: 
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HWCVD                Hot-wire Chemical Vapor Deposition System 
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CHAPTER 1 

INTRODUCTION  

1.1 Background 

In this study we will use the Computational Fluid Dynamics (CFD) software 

FLUENT to model the gas flow patterns inside the Hot-wire chemical vapor 

deposition system (HWCVD), by designing the internal geometry of the HWCVD; 

using the FLUENT CAD design system GAMBIT.  

 

The CFD software (FLUENT) is divided into three steps; namely [1, 13]:  

• Pre-processor stage (which is the computer-aided design (CAD) software 

package Gambit) where the modeling goals are defined (in this study to model 

the gas-flow patterns inside the hot-wire chemical vapor deposition system, 

using the CFD software FLUENT), the domain to be modeled is 

identified/designed (the HWCVD system), finally design and create a 

grid/mesh from the geometry/domain designed. 

•  Solver stage, where the numerical model is set, then computes and monitor 

the solution. 

•  Post-processor stage, where the results are examined and if the results are not 

satisfying then consider revision to the model. 
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1.2 Computational Fluid Dynamics 

 

CFD is the analysis of a system involving fluid flow, heat transfer and associated 

phenomena such as chemical reactions by means of computer-based simulation. The 

CFD is also a numerical modeling technique that solves the Navier-Stokes equations 

on a discretised domain of the geometry of interest with the appropriate flow 

boundary conditions supplied. The Navier-Stokes equations are a complex non-linear 

set of partial differential equations that describes the mass and momentum 

conservation of a fluid [1, 13]. 

 

From the 1960s onwards the aerospace industry has integrated the CFD technique into 

the design, research and development of the manufacturing of aircraft and jet engines. 

More recently the methods have been applied to the design of internal combustion 

engines, combustion chambers of gas turbines and furnaces. Furthermore, motor 

vehicle manufactures now routinely predict drag forces, under-bonnet air flows and 

the in-car environment with CFD. Increasingly CFD is becoming a vital component in 

the design of industrial products and process [1, 13]. 

 

The aim of developments in the CFD field is to provide a capability comparable to 

other computer-aided engineering tools such as stress analysis codes. 

There are several unique advantages of CFD over experimental-based approaches to 

fluid systems design which are given below [1, 13]: 

• Substantial reduction of lead times and cost of new designs. 

• Ability to study systems where controlled experiments are difficult or 

impossible to perform (e.g. very large systems). 
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• Ability to study systems under hazardous (dangerous) conditions at and 

beyond their normal performance limits (e.g. safety studies and accident 

scenarios). 

• Practically unlimited level of detail of results. 

 

The CFD code (FLUENT) has three basic components: the pre-processor, solver and 

the post-processor. The solver is the heart of the code; carrying out the major 

computations and providing the numerical solutions. The pre-processor and the post-

processor are the front and the end of the code, providing the user/machine interface 

that allows a CFD operator to communicate with the solver: by inputting data to 

define the problem to be simulated and commanding the solver to use certain models 

and schemes to carry out the simulation and, finally, presenting for study the 

computed results [1, 13].  

 

Apart from these key elements, a commercial package aimed at multi-purpose 

modeling will have a suite of models for various flow problems, such as various 

turbulence models to cover a range of turbulence conditions and assumptions. The 

CFD package also has a library of material properties for defining the fluid media and 

solid boundaries in the computational domain [1]. 
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1.2.1 The CAD design (GAMBIT) 

 

Drafting in a CAD design can be done in two dimensions (2D) or three dimensions 

(3D). In this study the drafting of the internal geometry of the HWCVD system was 

done in 3D. With this the system is represented by three projected views at right 

angles. This allows rotations in three dimensions, allowing viewing of a design from 

any desired angle, even from the inside looking out [9]. 

 

The CAD design which was used in this study is GAMBIT (Geometry and Mesh 

Building Intelligent Toolkit). It has a number of functions that allows the user to 

define a fluid domain, known as the computational domain, and build up the physical 

geometry of the zone considered, creating mesh/grid system throughout the domain 

and tuning this mesh to improve computation quality, including accuracy and speed. 

The user may also specify the properties of the fluid and other materials in contact 

with the fluid at this stage [1, 9]. 

 

The pre-processor (GAMBIT) allows the user to define the fluid flow phenomena to 

be modeled, to choose from the appropriate physical or chemical models provided by 

the package, and to select the numerical parameters and initial and boundary 

conditions for the computation. All these features are crucial in ensuring a quality 

CFD modeling task [9]. 

  

For example, the mesh/grid refinement at this stage (GAMBIT) affects directly the 

accuracy of the solution and the cost of computation, in terms of computation time 
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and hardware requirement. An optimized mesh/grid system uses less computer 

memory space, requires less computing, and yet gives satisfactory accuracy [1, 9].  

 

1.2.2 Solver 

 

As mentioned above, the solver stage is the heart of a CFD code. It is a collection of 

various algorithms and numerical techniques that performs the major computation 

task described in the pre-processor above. It consists of two components that provide 

a discretization for the defining equations and subsequent (resultant) solution [1, 9].  

 

The first component uses a discretizing scheme to express the governing equations in 

a discretized form for all mesh/grid elements over the whole computational domain 

and discretizes the boundary equations appropriate at the boundary elements. In 

summary, this section converts the partial differential equations and boundary 

conditions formulae into a group of algebraic equations. The second part uses an 

iterative procedure to find solutions that satisfy these boundary conditions for the 

algebraic equations defining the flow domain [1, 9]. 

 

 

 The solver in the CFD code (FLUENT), is based on the finite volume methods, 

which integrates the governing equations in the finite volumes (control volumes) over 

the whole computational domain. There is one generic form of equation for one flow 

variable,φ  which could be a velocity component, enthalpy or species concentration: 
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( ) ( ) φφφφρρφ
SV

t
+∇Γ∇+−∇=

∂
∂

                                                                               (1.1) 

 

Where:   

            φ = dépendent variable 

           φΓ = exchange coefficient (laminar + turbulent) 

           V = flow velocity vector 

           ρ = flow density 

           φS = source of the variable  

 

This integrated expression in equation (1.1) above means that the rate of change of 

φ in the control volume (cells from the mesh/grid) with respect to time is equal to the 

sum of the net flux of φ due to convection into the control volume, the net flux of 

φ due to diffusion into the control volume and the net generation rate of φ inside the 

control volume. Following integration, the solver uses various approximations, which 

are based on an application of the finite difference method, to replace all the terms in 

the integrated equation (the time-change rate, the convective and diffusive fluxes and 

the source term) [1]. 

 

This process converts the equation into a set of algebraic equations, which are ready 

to be solved by an iterative method. The iteration is the third and the last action the 

solver does in the whole computation task (simulation) [1]. 
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1.2.3 Post-processor 

 

The post-processor allows the CFD operator to construct a picture of the simulated 

flow problem by displaying the geometry of the problem, the computational domain 

and the mesh/grid system. It may then display contour or iso-surface plots for the flow 

variables, including contours plotted over specified surfaces, such as on a solid/fluid 

interface or an iso-surface of a second flow variable.  In many cases velocity vector 

plotting is important, as is streamline presentation or particle tracking or pathlines [1]. 

 

A complete CFD simulation often requires repeating the procedure a number of times. 

It is not rare to run a large number of trials before reaching a set of reasonable 

solutions. The procedure includes tuning the mesh system, adjusting boundary 

conditions, selecting numerical parameters, finding the correct physical model, 

monitoring iteration and finally, viewing the results [1,13].   

 

1.3 Hot-wire Chemical vapor deposition system 

 

The technique of HWCVD is being increasingly used for the deposition of materials 

such as hydrogenated amorphous or microcrystalline silicon and its alloys and as 

diamond films. The main part of the deposition system consists in a vacuum chamber 

evacuated by a pumping unit to some appropriate vacuum level. After achieving the 

desired ultimate vacuum, the process of gas mixture is introduced via Mass flow 

controllers and the pressure is kept constant by a variable conductance valve. The 

process of gas is then decomposed by the heat generated by a hot filament of tungsten, 

tantalum or other material into radicals which are then deposited as thin films [32]. 
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Figure1: The hot-wire chemical vapor deposition system used at the Physics 

department of the University of the Western Cape. 

 

The HWCVD system, requires relatively simple apparatus, offer the advantages of 

high deposition rate, low hydrogen content and effective decomposition of gas 

molecules. HWCVD shows great potential in large area electronics application. For 

the application of this technique in commercial products, the uniformity of film 

thickness over a large scale is particularly important.  

 

Usually, the thickness uniformity of film in HWCVD is mainly effected by gas 

supply, catalyzer structure, diffusion of radicals and the temperature distribution of 
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substrate. A uniform and sufficient gas flow is required, because the deposition 

process is a gas flow limited one [33].  

 

The HWCVD process has been extensively used for the deposition of various 

materials, including diamond, polymers, silicon thin films, boron-carbon-nitrite layers 

and carbon nanotubes. The process relies on the catalytic decomposition of precursor 

gases into reactive gaseous species by a resistively heated filament. A variety of 

transition metals, such as tungsten (W), tantalum (Ta) and rhenium (Re), have been 

utilized as the filament during the HWCVD process. This is primarily due to their 

high melting points and superior mechanical stabilities at temperatures above 1500˚C. 

Furthermore, different filaments have different abilities to dissociate the precursors. 

For example, a Ta filament dissociates molecular hydrogen (H2) into atomic hydrogen 

(Ho) twice as efficient as a tungsten filament during the deposition of microcrystalline 

silicon thin films [34]. 

 

 

1.4 The Aim and Outline of this study 

 

In this study, we want to determine the mixture of the gas flow patterns inside the 

HWCVD system, by using the CFD software, FLUENT; using information known 

from the solar cells group of the physics department in the University of the Western 

Cape. This includes the flow rate of the silane gas (SiH4) at 1.2 sccm (standard cubic 

centimeter) and for the hydrogen (H2) gas at 58.8 sccm, which are the two gases used 

during the deposition on two substrates (silicon and glass). This information is then 
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used in this study to calculate the species mass fraction for the inlets boundary 

conditions. 

 

The two gases (silane and hydrogen) are introduced into the HWCVD system with the 

two deposited substrates (silicon and glass) under a constant pressure of 60 µbar and 

the heat flux of the filament is about 99.21x103 W/m2, by varying the temperature of 

the heater of 100 ˚C, 200 ˚C, 300 ˚C and 550 ˚C; the simulation shows how the 

temperature affects the flow of the gas flow patterns inside the system. 

 

In the second chapter we will give an overview of the HWCVD; a short historical 

overview of the technique is given and key issues pertaining CFD and this study are 

discussed. We will look at the background of the finite volume method, the 

mathematics involved in CFD (the Navier-Stokes equations).  

 

The third chapter will give a comprehensive simulation method for this study. 

Chapter four will focus on the main results obtained from the simulation and 

discussions and conclusion. References are given at the end of the chapters in these 

study and appendices giving the description of the simulation method used in this 

study. The contour plots and pathlines showing the movement of the gas inside the 

CVD system obtained from the results in this study. 
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CHAPTER 2 

 

TECHNIQUES USED IN THIS STUDY 

2.1 HWCVD 

2.1.1 Background 

 

A HWCVD technique was introduced in 1979 by Wiesmann et al [7] as a method for 

producing hydrogenated amorphous silicon thin films. However, the results of 

Wiesmann were not encouraging because they used too low pressures of 5.33 x 10-4 

mbar which resulted in a poor dark conductivity of the thin films as compared to the 

materials prepared by plasma enhanced chemical vapor deposition (PECVD). This 

technique has found its application in 1991 when Mahan et al reported on the 

development of device quality a-Si:H thin films with low hydrogen content [8]. 

 

The HWCVD technique is based on the deposition of the source gases, usually silane 

(SiH4) or a mixture of H2 and SiH4 gases on a heated filament. This technique is also 

called the Catalytic Chemical Vapor Deposition (Cat-CVD). Figure 2.1 shows the 

schematic cross-section of the HWCVD reaction chamber; in this study the gas flow 

patterns inside the HWCVD are determined using a CFD software (FLUENT) as 

outlined in chapter1. The source gases H2 and SiH4 are injected into the chamber and 

decomposed on a heated filament. On the way from the filament to the substrates 

(glass and silicon which are the two substrates), the constituent radical species 
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produced on the heated filament often react in the gas phase before deposition onto 

the heated substrate [8]. 

 

Figure 2.1: Schematic cross-section of an HWCVD system, with the inlet at the top 

and outlet on the side of the chamber [26]. 

 

Figure 2.1 above shows the cross-section of a HWCVD system. The deposition 

materials used in the HWCVD system in this study, by the solar cells group in the 

physics department of the University of the Western Cape, are based on H2 and SiH4 

gases.  
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2.1.2 HWCVD Process  

 

Hot-wire was first introduced by Wiesmann et al. [7] in 1979 when he succeeded to 

deposit a Si: H by thermal decomposition of silane from a hot tungsten or carbon foil 

heated to about 1600˚C. Unfortunately due to very low gas pressures (1.33 x 106 – 

1.33 x 10-4mbar), he achieved too low deposition rates (0.6 – 8.7 Å/sec) and films 

with low quality due to the surface filament were not understood at that stage. 

Evidence of the catalytic nature of the decomposition has now been found: The 12.9 

eV needed to pyrolytically cleave four Si-H bonds [27] is much higher than the 

activation energy of Si radical on the surface of the main wires used (Mo, Ta and W) 

of (2.6, 1.0, and 0.74 eV) respectively as reported by Tange et al [28]. 

 

Later, in 1986 Matsumura [29] obtained high quality hydro-fluorinated a-Si (a-Si: F: 

H) and hydrogenated amorphous silicon (a-Si: H) by thermal catalytic reactions 

between deposition-gas and a heated tungsten catalyzer. He named it “catalytic – 

CVD (CTL- CVD)” method. A deposition rate larger than 20 Å/sec was achieved and 

more importantly, he reported that the magnitude of the SWE of the films produced 

seemed smaller than that of the glow discharge a-Si: H produced films. 

 

J. Doyle at al [30] using what they referred to an “evaporative surface decomposition 

(ESD) method” reported in 1988 a deposition of excellent a-Si: H film quality from 

silane decomposition with silane pressures ranging from 4 to 30 mTorr (-5 – 40 µbar). 

They explained the deposition mechanism and postulate for the first time the nature of 

the radicals giving growth at the substrate surface. As actually agreed upon, they 

identified the 3 main phases of the deposition process: 
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1. The deposition of the feed gas on the hot surface of the wire. 

2. The evaporation of the radicals and gas-phase collision (creation of secondary 

species). 

3. Film growth on the substrate surface.  

 

At the -1700 K filament temperature where they were working, they noted that the 

decomposed silane gas was mostly atomized into H and Si atoms. A major fraction of 

the Si and H atoms is expected to arrive at the substrate without reacting, but a 

significant fraction may react to form other radicals. Hot Hydrogen and silicon atoms 

which have not undergone the gas-phase collisions process were observed to dominate 

the radical flux to the hydrogen-passivated a-Si: H surface. They observed that the 

dominant species impinging on the substrate were SiH4 and H2. The reaction between 

SiH4 and the surface dangling bond was postulated to give SH3 and a passivated 

surface bond. Thus considerable Si H3, lesser SiH2 and Si2H2 (which increase with the 

gas pressure) were expected to contribute to the deposition. J. Perrin et al [31] have 

confirmed the nature of these radicals as exothermic gas phase reactions in the 

HWCVD: 

 

H + SiH4 → SiH3 + H2 

H + SiH3 → SiH2 +H2 

SiH3 + SiH3 → SiH4 + SiH2 

Si + SiH4 → Si2H2 + H2 

Si2H2 + SiH4 → Si3H4 + H2 
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In 1991, Mahan et al [8] demonstrated for the first time the possibility to produce 

device-quality a-Si: H with reduced hydrogen content. Good quality films with less 

than 1 at. % hydrogen compared to 8-12 at. % contained in good quality a-Si: H 

obtained by plasma enhanced CVD, confirmed that only a small quality of hydrogen 

was needed to passivate the dangling bonds. Mahan and co-authors obtained thin 

films with photosensitivity (σp/ σd) – 105 and Urbach edges that, in contrast to 

PECVD films, did not broaden as the hydrogen content was reduced. After the work 

of Mahan, many groups worldwide took a keen interest in this Si-based new 

technology. Efforts have been focused on the understanding of the deposition process 

itself, the issues related to the growth and improvement of the deposition rate on the 

deposition of a new class of materials which is more stable and less sensitive to the 

SWE [15]. 

 

2.2 Background on Gambit (CAD design) 

 

Gambit was released on summer 2004; its focus was to be on CAD import, geometry 

conditioning and automatic meshing. This is the first step in building and analyzing a 

flow model. It includes building the model within a CAD package, creating and 

applying a suitable computational mesh/grid, and entering the flow boundary 

conditions and fluid materials properties. These pre-processor tools used in this study, 

called Gambit is part the packaged software FLUENT [1, 9]. 

 

CAD geometries are easily imported and adapted for CFD solutions in Gambit, which 

is FLUENT’s own pre-processor step. The three dimensions (3D) solid modeling 

option in Gambit allows for straightforward geometry constructions as well as high 
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geometry translation. This means that the geometry can be translated in three 

dimensions. Among a wide range of geometry tools, Boolean operators provide a 

simple way of getting from a CAD solid to a fluid domain [9].  

 

A state-of-the-art set of cleanup and conditioning tools prepares the model for 

meshing. Gambit’s unique curvature and proximity based “size function” produces a 

correct and smooth CFD-type mesh throughout the model. Together with a boundary 

layer technology, a number of volumetric meshing schemes produce the correct mesh 

for your application. Parametric variations are also inherent to the process [1, 9].  

 

2.3 Mesh Generation 

 

The mesh/grid generation process deals with the division of the domain (designed 

geometry) under consideration into small control volumes on which the discretised 

governing equations will be solved. The grid generation forms a large part in terms of 

person-hour time of the CFD analysis. Gambit, is the CAD design system used in this 

study to design a domain/geometry and generate a grid/mesh from the designed 

domain [9,14]. 

 

Gambit uses solid modeling techniques to create a virtual model of the geometry 

under consideration. There are various grid generation tools available to create a 

grid/mesh in this geometry. The grid/mesh generation tools are available to create 

hexahedron, tetrahedron, prism and pyramid cells [9]. 
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The origin of the term mesh/grid goes back to early days of CFD when most analyses 

were 2D in nature. For 2D analysis, a domain split into elements resembles a wire 

mesh, hence the name. These process of obtaining an appropriate mesh/grid is termed 

mesh generation (or grid generation) [9,14]. 

 Below there are pictures of the designed domain/geometry and its mesh/grid using 

the CAD design system, Gambit. 

 

 

Figure 2.2: A domain (geometry) of the HWCVD system as used in this study, 

designed using the CAD design system GAMBIT. 
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Figure 2.3: A grid (a mesh) of the HWCVD system as used in this study, designed 

using the CAD design system GAMBIT.  

 

2.4 Background on FLUENT 

 

FLUENT is the computer software package of CFD which was used in this study to 

model the gas flow patterns inside the HWCVD system. Fluent is the general name 

for the collection of computational fluid dynamics programs sold by Fluent Inc. of 

Lebanon, New Hamphire, USA [11].  
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As outlined in chapter one, every CFD code consists of three basic components, the 

pre-processor (CAD design; Gambit), the solver which is the heart of the CFD code 

carrying out the major computations and providing the numerical solutions, and the 

post-processor for constructing pictures of plots of the simulated problem. The 

FLUENT software package which was used in this study is the FLUENT version 

6.3.26, where the geometry was designed and meshed in Gambit saved and then 

exported the mesh to FLUENT for running the simulation. 

 

Fluent is a general-purpose CFD code based on the finite volume method on a proper 

order grid/mesh. Fluent technology offers a wide array of physical models that can be 

applied to a wide array of industries. Using the dynamic and moving mesh: The user 

simply sets up the initial mesh and prescribes the motion, while fluent software 

automatically changes the mesh to follow the motion prescribed [11].  

 

This is useful for modeling flow conditions in and around moving objects. There are 

many spectral methods available in CFD, but in this study the one that will be used is 

the Finite Volume Method [11]. The numerical solution method used in FLUENT 

(Finite Volume Method), will be discussed below. 

 

2.5 Finite Volume Methods 

 

The finite volume method is a method for representing and evaluating partial 

differential equations as algebraic equations. This is similar to the finite difference 

method, where values are calculated at discrete places on a meshed geometry [11,20].  
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The phrase ‘finite volume’ refers to the small volume surrounding each node point on 

a mesh. In this method, volume integrals in partial differential equations that contain a 

divergence term are converted to surface integrals, using the divergence theorem. 

These terms are then evaluated as fluxes at the surfaces of each finite volume. 

Because the flux entering a given volume is identical to that leaving the adjacent 

volume, these methods are conservative [11,23]. 

 

 Another advantage of the finite volume method is that it is easily formulated to allow 

for unstructured meshes. As mentioned above, this method is used in the 

computational fluid dynamics package; Fluent [11]. 

 

2.6 Mathematics behind CFD 

 

The fundamental basis of any CFD problem is the Navier-Stokes equations, which 

define a single phase flow. The most fundamental consideration in CFD is how one 

treats a continuous fluid in a discretized fashion on a computer. One method is to 

discretize the spatial domain into small cells to form a volume mesh/grid, and then 

apply a suitable algorithm to solve the equations of motion [4,5]. Below we will 

discuss the conservation equations which describe the flow field. 

 

2.6.1 Navier-Stokes Equations 

 

The governing equations that describe the flow field are a set of non-linear partial 

differential equations. The equations are derived from mass, momentum and energy 
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conservation. In chapter 1 it was outlined that the Navier-Stokes equations are a 

complex non-linear set of partial differential equations that describes the mass, 

momentum conservation of fluid. 

 

In the past, engineers made further approximations and simplifications to the equation 

set until they had a group of equations that they could solve. Recently, high speed 

computers have been used to solve approximations to the equations using a variety of 

techniques like finite difference, finite volume, finite element, and spectral methods 

which are in the area of CFD [4,5,24]. 

 

2.6.1.1 Conservation of Mass 

 

The conservation of mass in Eulerian terms in its most common form for fluids is 

given as follows: 

 

mSVdiv
t

=+
∂
∂ ρρ

                                                                                                         2.1 

 

Where ρ is the density, t is the time, V is the velocity vector of the fluid and Sm is a 

mass source. For a constant density, equation 2.1 will reduce to the following: 

 

0=divV                                                                                                                       2.2 
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2.6.1.2 Momentum equations 

 

The Navier-Stokes equations are derived from the conservation of momentum 

(Newton’s second law). The set of equations can be written in Eulerian terms as single 

vector equations using the indicial notation: 
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Where g is the gravitation vector, xi is the spatial co-ordinate, vi is the i-component of 

the velocity vector, µ is the ordinary coefficient of viscosity, λ is the coefficient of 

bulk viscosity, δij is the Kronecker delta function (δij = 1 if i = j and δij=0 if i≠j) and 

Dt

D
is the total or substantial derivative. The relation between the ordinary viscosity 

and bulk viscosity is given by the Stoke’s hypothesis [18]: 

 

0
3

2 =+ µλ                                                                                                                   2.4 

 

An example of the equations 2.3 in the i-direction is written as follows: 
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2.6.1.3 Energy equations 

 

The energy equation is derived from the first law of thermodynamics. The energy 

relation in Eulerian terms is given by the following if it is assumed that the conduction 

heat fluxes are given by Fourier’s law and that radiative effects are negligible [4,24]: 

 

Φ+∇+= )( Tkdiv
Dt

Dp

Dt

Dhρ                                                                                         2.6 

 

Where h is the fluid enthalpy, k is the thermal conductivity, T is the temperature of the 

fluid and Ф is the viscous dissipation and is given as follows: 
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If assuming incompressible flow as well as constant thermal conductivity and low-

velocity flow where the viscous dissipation (Ф) is zero, the equation 2.7 above will 

reduce to the following equation: 

 

Tk
Dt

DT
c p

2∇=ρ                                                                                                           2.8 

 

The equations under 2.5.1.1 to 2.5.1.3 are the equations which are used in every CFD 

simulation; as mentioned under 2.5 that the fundamental basis of any CFD problem is 
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the Navier-Stokes equations which are non-linear partial differential equations; 

derived from mass, momentum and energy conservation. 

 In this study, these equations are used by the computer by default under the solver 

stage to determine the mixture of the gas-flow patterns inside the HWCVD system; 

derived from mass, momentum and energy conservation.  

 

The solver as outlined in chapter 1 has two components in solving the computational 

simulation. One of these components is to convert the partial differential equations 

and the boundary conditions formulae into a group of algebraic equations and then, 

the second component of the solver stage is to use the iterative procedure to find 

solutions that satisfy these boundary conditions for the algebraic equations defining 

the flow domain. 

 

 

2.7 Steady State conditions and Computational accuracy in 

FLUENT 

A steady state calculation yields a solution in a shorter execution time in comparison 

to a transient calculation. Nonetherless, there may be some underlying circumstances, 

where convergence and/or stability cannot be guaranteed through the steady state 

approach and a transient calculation may be required to march the numerical 

procedure toward the steady-state condition. Other issues concerning the aspects of 

computational accuracy and efficiency can also have a strong influence of the CFD 

solution. Subject to the availability of computational resources, it is nearly always 

inevitable that some compromise has to be reached for solving complex CFD 

problems. 
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By increasing the number of cells (i.e. with decreasing the mesh spacing) in the 

computational domain geometry, the accuracy of the computational solution is usually 

enhanced. There is, however, a trade off that needs to be considered between 

increasing computer storage running-time. One possible way that comparable 

accuracies can be obtained on a courser mesh while maintaining computational 

efficiency is to employ higher order dicretization schemes to solve such problems. 
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CHAPTER 3  

SIMULATION METHODS 

3.1 Simulation Methods 

 

In this section the simulation procedure that was followed in determining the mixture 

of the gas flow patterns inside the HWCVD system using the Fluent software 

package, will be outlined. From the previous chapter (chapter 2), a detailed 

background of the software package was given with the different tools that it is 

comprised with.  

The software package has a Cad design system (GAMBIT), in which the geometry of 

the system to be modeled is generated and meshed using the tools in the Cad design 

system. The Cad system also enables the user to set (define) the boundary conditions 

for he different part of the system, which will again be set in the second stage of the 

software; the solver stage. This stage of the software is known as the heart of the 

software package, because this is where most of the simulation work is being done. 

Under this stage, the user input the parameters to be considered in the simulation 

process, the boundary conditions are also set under this stage; selecting from the tools 

that are there in the package the materials to be used inside the system designed using 

the Cad design system.  

 

In this study, the materials that where selected to be used under the solver stage are 

the two gases (H2 and SiH4) and the two substrates that are deposited inside the 

HWCVD system (glass and silicon).The properties of silicon and glass (i.e. the 

thicknesses, thermal conductivities, the pressure inside the HWCVD system) are also 

defined under the solver stage. The calculation (simulation) of determining the 
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mixture of the gas flow patterns inside the HWCVD is done by the computer using the 

process of iteration in the Fluent software package. The flow chart below is a step by 

step illustration of the simulation procedure followed in any CFD simulation problem. 

 

                                                

         

                                                                                                  

                                                                                            

 

 

 

 

 

 

 

 

Figure 3.1: A flow chart of the procedure followed in a CFD problem (simulation). 

 

3.2 Designing the Domain/Geometry 

The first step of any simulation problem is to decide on what to model; which in this 

study is to model the mixture of the gas flow patterns inside the HWCVD system 

using the CFD software package FLUENT. As it was outlined in chapter 1, the pre-

processor stage of the Fluent software is comprised with a Cad design (GAMBIT) 

system to create the geometry of the system to be modeled. In designing the HWCVD 

What to model 
(gas flow patterns 
inside HWCVD) 

Design the 
geometry/Domain 

Mesh the 
geometry/domain 

Flow solution 

Analysis 

      GAMBIT 
 
    (Cad design) 
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chamber in the Cad design system, the dimensions of HWCVD system was collected 

by measuring the different parts of the system. The table below shows the collected 

data for the dimensions of the HWCVD system to be used to design its 

domain/geometry by using the Cad design system. 

 

Table 3.1 Some of the measurements of the HWCVD system. 

Name of the part Height (length) 

measurement in mm 

Diameter measurements 

in mm 

Gas inlet tube 130 9.7 

Outlet 50 179 

Insulators 44 9.7 

Filaments 11 0.1 

Filaments-stand 5 121.5 

HWCVD system 300 Rectangular shape 

Glass (substrate) 0.8 Rectangular shape 

Silicon (substrate) 0.4 Rectangular shape 

Substrates-holder 122 Rectangular shape 

Heater 128 Rectangular shape 

 

The table above has only the parts of the geometry which were used in this study; 

some parts of the geometry which were measured were not used due to the small 

influence that they will have to the gas flow and they were increasing the number of 

cells in the grid/mesh thus increasing the computing time of the simulation. 

Having the measurements of the internal and external geometry of the HWCVD; the 

geometry of each part was designed individually using the CAD design program 
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(Gambit) and combined to the exact space inside the system (HWCVD) for 

determining the gas flow.  

 

As outlined in chapter 2; Gambit offers many options in designing the geometry, each 

of these parts were designed to its specific size and shape; by scaling them to fit in the 

computer using Gambit. Figures 3.2 and 3.3 below, shows the parts of the chamber 

which were designed individual, each with its own measurements; and then in figure 

3.4 there is a domain of the chamber with all the parts included inside it. 

 

Figure 3.2: a domain of gas-inlet pipes. 
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Figure 3.3: a domain of the filaments, insulators and filaments stand. 
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Figure 3.4: Deposition chamber (CVD) with all the parts imported to it by Gambit. 

 

All the parts were designed individually and each of them saved in Gambit as xx.dbs 

files (the format used in the Gambit CAD design system for storing files). These parts 

were then imported to the chamber by using the measurements obtained at the 

beginning of the study in placing them in their correct positions inside the chamber in 

order to get the completed HWCVD chamber as given above in figure 3.4. 
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In every CFD simulation process the designed geometry of the system to be modeled 

has to be meshed in order to have a complete designed system to start the simulation 

process. This process of meshing was done in this study after having the geometry 

given in figure 3.4. As mentioned in chapter 2, there are a number of tools which are 

offered by Gambit in generating the mesh, one of the tools which was used in this 

study to obtain a finer mesh; is the size functioning tool. 

 

The mesh obtained in any CFD problem, affects directly the accuracy of the solution 

and the cost of computation, in terms of computation time and hardware requirement. 

An optimized mesh/grid system uses less computer memory space, requires less 

computing and yet gives satisfactory and accurate results [1,2,9].  

Figure 3.5 below is a mesh/grid obtained in this study for the HWCVD chamber to 

model the mixture of the gas flow patterns. 
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Figure 3.5:  a grid (a mesh) of CVD system, with the total number of 657120 cells. 

 

3.3 The deposition parameters of the HWCVD system 

 

The HWCVD system is used by the solar energy research facility at the University of 

the Western Cape. The process of the HWCVD system, involves the deposition of the 

two substrates by using the H2 and SiH4 gases under a constant pressure of 60µbar by 

varying the temperature of the heater, these process will be performed in this study 

using the CFD software package; FLUENT. The table below is the general data of the 

HWCVD system with the four varying temperatures of the heater which will be used 
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in the simulations of this study to determine the gas flow patterns inside the 

deposition system. 

 

Table 3.2: The deposition parameters used in the HWCVD system. 

Pressure of HWCVD 60 µbar 

Temperature of the Heater 100 oC, 200 ˚C, 300 ˚C and 550 ˚C 

Temperature of the filaments 1600 ˚C 

Heat Flux around the filaments (Appendix A.3) 99.21x103 Wm-2 

H2 mass flow rate 58.8 sccm 

SiH4 mass flow rate 1.2 sccm 

 

This data in the above table, it is some of the parameters used in the solver stage of 

the software before starting the simulation (iteration process). The heat flux of the 

filament is calculated using its temperature of 1600˚C, this calculation is given in 

appendix A as well as the calculations for the mass flow rate of H2 and SiH4. After 

obtaining the mesh/grid given in figure 3.7, the boundary conditions for the walls 

(parts of the system) which were formed during mesh/rid generation where set in the 

Cad design system. Below is a table of the boundary conditions specified in the Cad 

design system (Gambit) in this study. 
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Table 3.3: Boundary conditions of  the parts of HWCVD system. 

Name of the Parts Boundary Conditions 

Inlets Velocity-inlet 

Outlet Pressure-outlet 

Wall (Chamber) Wall 

 

 

All the other parts inside the HWCVD (the two substrates (glass and silicon), 

substrates-holder, filaments, insulators, and heater) which are not given in Table 3.3 

were specified as wall boundary condition. After completing the process in the Cad 

design system, the mesh was exported to Fluent in order to start running the 

simulation. A full description of the model that is used in this study is given in the 

appendix A. 

 

The CFD software package (FLUENT) uses the Navier-Stokes equations and energy 

balances over control volumes, small volumes within the geometry at a defined 

location representing the HWCVD internals. The size and number of control volumes 

(mesh density) is user determined and will influence the accuracy of the solution to a 

degree. After boundary conditions have been introduced in the system (this is done 

automatically in Gambit when generating a mesh/grid), the flow and energy balances 

are solved numerically. 

 

3.4 Starting the Simulation in FLUENT 

The process of starting the simulation is done under the second stage of the Fluent 

software, the solver stage. The file which was created in Gambit and exported to 
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Fluent, will be opened in this stage in order continue with the simulation problem. 

The boundary conditions are being set the same as the boundary conditions which 

were set in the Cad design system and setting up the parameters inside the system. 

The material properties which are used in determining the mixture of the gas flow 

patterns are also defined under this stage. The HWCVD system has a number of parts 

with different material properties. The material properties for the HWCVD system 

used in this study are given in the table below. 

 

Table 3.4: Material properties used in this study. 

Material 

Properties 

Specific 

Heat (Cp) (J/kg/K) 

Density (ρ) 

(kg/m3) 

Thermal conductivity 

(K) (W/m/K)  

Glass 700 2579 1.05 

Alumina (Al2O3) 880 961 18 

Tantalum (Ta) 140 16690 57.5 

Silicon (Si) 700 2329 130 

Copper (Cu) 381 8978 387.6 

Steel 502.48 8030 16.27 

 

From the table given above of the material properties, glass and silicon are the two 

substrates used in the deposition process with thicknesses 0.08 cm and 0.04 cm 

respectively; Alumina (Al2O3) is the material used for the two insulators of the 

chamber, Tantalum (Ta) is the material for the filaments of the chamber, Copper (Cu) 

is the material of the inlets-pipe of the CVD chamber and Steel is the material used 

for the substrates-holder, heater, filaments-stand and Wall (chamber).  
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In this study, the segregated solution method of FLUENT was used. In this approach, 

the governing equations are solved sequentially (i.e. segregated from one another). 

Because the governing equations are non-linear (and coupled), several iterations of 

the solution loop must be performed before a convergence is obtained. Each iteration 

process consists of the steps illustrated in the figure [3.8] and outlined below [9,15]: 

 

 

• Fluid properties are updated based on the current solution (if the calculation 

has just begun the fluid properties will be updated based on the initialized 

solution). 

• The u, v and w momentum equations are each solved in turn using current 

values for pressure and face mass fluxes, in order to update the velocity filed. 

• Since the velocities obtained in the previous step may not satisfy the 

continuity equation locally, a “Poisson-type” equation for the pressure 

correction is derived from the continuity equation and the linearised 

momentum equations. This pressure correction equation is then solved to 

obtain the necessary corrections to the pressure and velocity fields and face 

mass fluxes such that continuity is satisfied [15]. 

• Equations for scalars such as energy and species are solved using the 

previously updated values of the other variables. 

• When all these steps are met in a simulation, then a check for convergence of 

the equation set is made [15]. 
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Figure 3.6: An overview of the segregated solution method when iterating [15]. 
 
 

An iterative process decreases the error in the solution until a satisfactory solution has 

been reached (i.e. the simulation is converged). The iterative process is the final step 

of the solver stage which is the process used to start the simulation. Each simulation 

in this study was calculated for 10000 iterations. The total number of simulations 

performed in this study is about four simulations; each simulation was performed 

using the same procedure outlined above, but with a different temperature of the 

heater (i.e. 100 ˚C, 200 ˚C, 300 ˚C and 550 ˚C). The results obtained from the four 

simulations after all this procedure is done (when the simulation is converged) will be 

given and discussed in the next chapter.  

Update properties 

Solve momentum equations 

Solve pressure-correction (continuity) equations. 
        Update pressure, face mass flow rate 

Solve scalar equations (energy and species)  
                   

Convergence Stop 
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CHAPTER 4:  

RESULTS AND DISCUSSIONS  

4.1 Introduction 

 

This section focuses on the results obtained in determining the gas flow patterns 

inside the hot-wire CVD system. There are a number of simulations which were 

performed in this study for one to come into having these results. As mentioned in 

chapter one under post-processor, a complete simulation often requires repeating the 

procedure a number of times. This includes tuning the mesh system, adjusting 

boundary conditions, selecting numerical parameters, finding the right physical 

model, monitoring the iteration and viewing the results. 

 

 The results in this chapter are for the simulations which were done under constant 

pressure of 60 µbar, constant heat flux of the filaments of the HWCVD of about 

99.21x103 Wm-2
 
(Appendix A.3); by varying the temperature of the heater from 100 ˚C, 

200 ˚C, 300 ˚C and 550 ˚C, thus the simulations show how the temperature affects the 

gas-flow patterns inside the HWCVD system. The results will give an indication of 

what influence the mass flow-rate and the surface deposition-rate of the mixture of 

gas particles inside the HWCVD system. 

 

The results for the four simulations performed will be given and discussed in this 

chapter. There are two parts of the results which we will concentrate on in this study, 

that is, the results for the mass flow rate of the gas around the following important 

parts of the system; the filaments, the two substrates, inlet and outlet of the HWCVD 
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system. The second part of the results is the results for the surface deposition rate 

around the filaments, the two substrates and the substrates-holder inside the HWCVD 

system. 

 

4.2 Mass flow-rate  

 

This part of this study is about the mass flow-rate results. Table 4.1 is the results for 

the mass flow-rate obtained from the four simulations performed in this study, 

followed by the plot (graph of the mass flow-rate around the filaments, the two 

substrates, the inlet and outlet versus the temperature of the heater). The results in this 

table (table 4.1) show the values for the mass flow-rate into the system from the first 

to the fourth column of the results to be positive. The positive value means the mass 

flow-rate into the system through the inlets, and the negative mass flow-rate values 

indicates the total mass flow-rate out of the system through the outlet. 

 

 The results in table 4.1 also shows that the mass flow-rate out of the system is greater 

than the mass flow-rate flowing into the system, this is because of the small value of 

the velocity magnitude for the inlets which was calculated in chapter 3 to be 0.18(A.2) 

using the flow-rate of the two gases (H2 = 58.8 sccm and SiH4 = 1.2 sccm) flowing 

into the HWCVD system. Thus this value (velocity magnitude) makes the constants 

value of the flow into the system through the inlet to be small (5.74 x10-12). 

 

In table 4.2 below, are the results for the surface deposition-rate obtained from the 

four simulations performed in this study, followed by a graph of the surface 
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deposition-rate (around the filaments, the two substrates and the substrates-holder) 

versus the temperature of the heater for all simulations.  

 

Table 4.1 Mass flow-rate results for all simulations. 

Name 

Of the Parts 

Temperature of the Heater (̊C) 

100 200 300 550 

Filaments -2.12x10-17 -4.17x10-17 -8.61x10-17 -6.32x10-16 

Inlets 5.74x10-12 5.74x10-12 5.74x10-12 5.74x10-12 

Outlet -5.99x10-12 -5.96x10-12 -5.82x10-12 -5.66x10-12 

Substrate1 -9.35x10-20 -2.15x10-19 -4.81x10-19 -5.01x10-18 

Substrate2 -2.52x10-19 -4.51x10-19 -8.32x10-19 -6.49x10-18 

Net Mass flow  -2.45x10-13 -2.17x10-13 -7.57x10-14 7.62x10-14 

 

From the Table 4.1, we can see from the four simulations that as the temperature of 

the heater are increased from 100 ˚C to 200 ˚C, 300 ˚C and 550 ˚C the mass flow rate 

flowing respectively around the filaments and the two substrates is decreasing. But the 

flow-rate of mass flowing out of the system through the outlet is increasing as the 

temperature of the heater is increased inside the chamber.  

 

The temperature around the filaments of the HWCVD system at 1500 ˚C is slightly 

lower than the filament at 1600 oC. It is suggested that although chemical energy is 

released during the catalytic process, this is balanced by the removal of heat by the 

higher flow rate at the slightly lower temperature of the filament. 

This is in agreement with practice where at higher flow rates and substrate 

temperatures the power to the filament had to be increased slightly to keep the 
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temperature at 1600 ˚C. The decreasing flow-rate at the outlet at increasing 

temperatures is suggested to be due to the faster removal rate of materials from the 

gas due to the higher deposition rate at the substrates. The results also show an 

increasing negative flow-rate at the filaments and substrate, this could be explained by 

the amount of material deposition on the filament and the substrates effective gas 

removal from the system. 
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Graph 4.1: A plot of the mass flow-rate on the filaments ,inlets, outlet and two 

substrates vs temperature of the heater for all four simulations. 

 

  The net flow-rate it is just the indication of the excess flow-rate flowing out of the 

system. This is only true at the lower temperatures at higher temperature it decreases 
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and at 550 oC it actually is less than coming in, meaning some of the gas remains 

behind. This would be due to the gas-atoms deposited at a high enough rates on the 

substrates to reduce the flow at the outlet. 
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Graph 4.2: A plot of the net mass flow-rate results around the filaments, inlet, outlet 

and the two substrates versus the temperature of the heater. 

 

As we can see that the mass flow-rate flowing into the system for each simulation is 

about 5.74 x 10-12 kg/s and the one flowing out of the system for about three 

simulations, 100, 200 and 300 oC the outlet mass flow-rate is greater than the inlets 

flow rate. This is a small difference of about -2.46 x 10-13 which is about 4.3%. The 

plot in graph 4.1 shows the plot of the temperature of the heater all four simulations 

versus the mass flow-rate around the filaments, inlets and outlet. The net mass flow 

 

 

 

 



 

 44

rate results are also plotted in graph 4.2, this graph shows that the mass flow rate 

increases with the increasing temperature inside the HWCVD system. This is in 

agreement with the known results of the influence that the temperature inside the 

HWCVD system, as the temperature inside the system is increased the mass flow rate 

of the inside the deposition system also increases.  

 

4.3 Surface Deposition-rate  

The substrate heater temperature and the filament temperature inside the HWCVD 

system is very a very important process parameter affecting both the deposition rate 

and the properties of the deposited films.  

One way of increasing the deposition rate is to increase the breaking of the SiH4 and 

H2 molecules by increasing the temperature inside the HWCVD system. However, the 

use of higher temperatures in the HWCVD system increases the evaporation of 

tungsten from the filament, which, may lead to contamination of the growing film. 

The use of lower temperatures leads to the formation of tungsten silicate on the hot 

filament [38]. In section, the results of the surface deposition-rate are given. 
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Table 4.2: Surface deposition-rate results for all four simulations. 

Name of the 

Parts 

                       Temperatures of the heater 

   100 ˚C    200 ˚C    300 ˚C 550 ˚C 

Filaments 8.16x10-15 1.61x10-14 3.32x10-14 2.43x10-13 

Substrate1 1.04x10-16 2.39x10-16 5.34x10-16 5.57x10-15 

Substrate2 2.81x10-16 5.02x10-16 9.24x10-16 7.21x10-15 

Sub-Holder 2.75x10-18 5.18x10-18 9.97x10-18 8.38x10-17 

Net Deposition 4.37x10-17 8.61x10-17 1.78x10-16 1.31x10-15 

 

 

Table 4.2 above, shows the results for the surface deposition of the four simulations 

performed in this study. From the above results we can see that the surface deposition 

around the filaments, the two substrates and the substrates-holder increases with the 

increasing temperature of the heater for each simulation performed in this study. Thus 

this can be concluded that the deposition of the mixture of gases into the HWCVD 

system is influenced by the temperature around the system. 

 

Below is the plot of the temperature of the heater for all four simulations versus the 

surface deposition-rate around the filaments, the two substrates and the substrates-

holder. 
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Graph 4.3: A plot of the surface deposition-rate on the filaments, the two substrates 

and a substrates-holder vs temperatures of the heater. 

 

The plot above shows the surface deposition-rate around the filaments, the two 

substrates and the substrates-holder for all four simulations by varying the 

temperature of the heater. From this plot, it can be seen that the surface deposition-

rate increases with the increasing temperature of the heater in the HWCVD system.  

This would mean that the deposition is influenced by the temperature of the system, 

with other parameters like the pressure inside the HWCVD system which is in 

agreement with known results [27]. 
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4.4 Discussions  

CFD is the analysis of a system involving fluid flow, heat transfer and associated 

phenomena such as chemical reactions by means of a computer-based simulation. In 

this study the mixture of the gas flow patterns inside the HWCVD system was 

modeled using CFD software package, FLUENT. The geometry of the HWCVD 

system was designed and meshed using the CAD design system called Gambit which 

is the first stage of the software package. In the second stage  of the software (the 

Solver stage), most of the work was done by the computer itself; whereby using the 

discretizing scheme to express the governing equations in a discretized form for all 

mesh elements and discretizes the boundary equations appropriate at the boundary 

elements. In the solve stage the partial differential equations (Navier-Stokes 

equations) and the boundary conditions formulae are converted into a group of 

algebraic equation and the iteration procedure takes place. The simulations in this 

study converted after 6000-8000 iterations which took about 12 hours for the each 

simulation to converge and, this was due to the many parts that the HWCVD system 

contain and the finer mesh that was obtained. 

The results given in 4.2 and 4.3 above are an indication of what influence or impact 

the mass flow-rate and the substrate flow-rate of the mixture of gases inside the 

HWCVD system.  For one to come into a conclusion of having simulation results 

there are various procedure to be followed i.e. creating the geometry, changing the 

sixe of the mesh/grid of the geometry created, changing values for the parameters 

used in this study, setting-up boundary conditions, and re-running the simulation by 

performing the iteration. The results in table 4.2 shows that the parts which are closer 

to the heater and filaments have an increasing mass flow-rate as the temperature of the 

heater is increased and, this is in agreement with the known result [27, 38]. 
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Chapter 5 

SUMMARY AND CONCLUSION 

 

A model based on computational fluid dynamics is, in principle, more precise and can 

include many features present in the fluid flow analysis; but requires much more 

computer time to run and needs a lot of information to model the boundary conditions. 

In performing a computational simulation using FLUENT, quality meshes should be 

generated to optimize the accuracy of the results calculated in the simulation. The 

mesh obtained in this study had Equisize skew (indication of the quality of the mesh) 

of 0.793051; which can be brought down to a smaller number leading to having very 

fine and much optimized mesh giving accurate results.  

 

As outline under the table 4.2 and graph 4.2 in chapter 4, it can be concluded that the 

flow of the gas-flow patterns inside the hot-wire chemical vapor deposition system is 

influenced by the temperature, with other parameters like the pressure of the system 

and the rate in which the gas flows inside the system. In this study, we experienced a 

problem of having a simulation running for many hours due to the complex system we 

were modeling having parts with different shapes. It is again important to mention 

that in this study, there were no experimental results to compare the results obtained 

using the FLUENT software with. Most importantly, the simulations performed in this 

study gave an indication of how much the flow-rate and the deposition rate is affected 

by the temperature inside the HWCVD system. 
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 In the appendix B there are plots of the path-lines obtained from the post-processor of 

FLUENT software, which shows how the gas flow patterns are distributed and flows 

throughout the system. These lines are an excellent tool in the FLUENT software to 

show how the mixture of the gas travels inside the HWCVD system. There are also 

contours of the temperature given in the appendix B, this is to show how the 

temperature of the heater which was varied in this study is distributed throughout the 

HWCVD system. From this tool it is shown how the parts which are closer to the 

heater and the filaments also had a higher temperature as compared to the parts which 

are far from the heated filament and heater. 
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APPENDICES 

APPENDIX A 

A.1 Introduction 

The steady state segregated solver in FLUENT is used in this study. The segregated 

solver approach results in the governing equations being solved sequentially. An 

implicit linearization technique is applied in the segregated solution of the modeled 

equations previously described (in Chapter 2). Thus this results in a linear system of 

equations at each computational cell. The equations are coupled and non-linear; 

therefore, several iterations of the equation set are required to obtain a converged 

solution.  

 

FLUENT uses a control-volume method to solve the governing equations. The 

equations are discrete for each computational cell. In applying this solution method 

the CFD simulation stores flow properties (e.g. dependent variables) at the cell 

centers. However, face values are required for the convection terms in the discretized 

equations. Face values are obtained by interpolation form the cell centers using a 

second-order upwind scheme for the momentum and energy equations and a first-

order upwind scheme for the turbulence equations [35]. 

 

 In this section a details CFD  model (procedure followed in the FLUENT model at 

the solver stage) which was used in this study is given; and the calculation for the 

magnitude of the velocity of the gas flowing into the system, the heat flux of the 

filament and the species mass fraction which were used in the defining the boundary 

conditions in FLUENT.  
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Table A1: A  detailed CFD model as used in this study. 

Description SETTING 

Model Pressure based, 3D steady state, laminar 
viscous model 

Discretisation scheme Second-order for pressure 
Second-order upwind for all other 
equations (momentum, energy etc.) 

Glass properties: 
Specific Heat 
Density 
Thermal conductivity 
 

 
700 J/kg/K 
2579 kg/m3 

1.05 W/m/K 

Silicon properties: 
Specific Heat 
Density 
Thermal conductivity 

 
700 J/kg/K 
2329 kg/m3 

130 W/m/K 
Alumina properties: 
Specific Heat 
Density 
Thermal conductivity 

 
800 J/kg/K 
961 kg/m3 

18 W/m/K 
Tantalum properties: 
Specific Heat 
Density 
Thermal conductivity 

 
140 J/kg/K 
16690 kg/m3 

57.5 W/m/K 
Copper properties: 
Specific Heat 
Density 
Thermal conductivity 

 
381 J/kg/K 
8978 kg/m3 

387.6 W/m/K 
Inlet boundary condition: 
Velocity specification method 
Reference frame 
y-velocity inlet 
Inlet temperature 

 
Components 
Absolute 
-0.18 
300 K 

Outlet boundary condition: Zero gradient for all equations normal to 
boundary. 

Filaments boundary conditions: 
Material name 
Thermal condition 

 
Aluminum 
Heat flux 

Heater boundary conditions: 
Material name 

 
Steel 

Wall boundary condition: 
Free stream temperature 
Other boundary walls 

 
300 K 
Filaments-stand, Inlet pipe, Insulators, 
substrate 1, substrate 2 and substrate-
holder. 
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A.2 Calculations of the magnitude of Inlet velocity 

 

The total flow rate in the inlet is 60 sccm (this means that there will be a flow 

of 1cm3 per second). The number of holes in the inlet-pipe is 7 (inlets). 

 

• The radius of the inlets = 0.5 mm = 0.5 x 10-3 m per hole. 

• The volume of the inlets is 1 cm3 = 1 x 10-6 m3, which then gives the 

flow-rate of the gases per second into the system to be: 1 x 10-6 m3/sec. 

 

              Therefore the velocity of the gas flowing into the HWCVD system is: 

                

                      [ ] sm
m

m

Area

rateflow
Velocity /18.0

7)105.0(

sec/101
23

36

=
××

×=−= −

−

π
 

 

This velocity was used in setting the boundary conditions of the inlets in Fluent. This 

velocity of the inlet is on the negative y-direction (-y) in the geometry of the CVD 

system. Thus the boundary condition was set-up for the y-velocity to be -0.18 m/s. 

 

A.3 Calculations for the heat flux of the filament 

 

The total number of the filaments in the HWCVD system is seven (7) having the 

length of 11 mm and the radius of 0.05 mm. The temperature of the filaments of the 

HWCVD system is 1600˚C. Having this information, the heat flux of the filaments 

was calculated as shown below and used in the simulation when setting the boundary 

conditions of the filaments in solver stage of fluent. 
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( ) 2310419.227 mrLArea filaments
−×=×= π  

 

The current flowing around the filament = 3.8 A ≈ 4.0 A 

The voltage applied over the filaments = 56 V ≈ 60 V 

 

Therefore the power flowing around the filaments is calculated as follows:- 

 

WAVVIPower 2400.460 =×==  

 

Then the Heat-flux of the filaments is given as:- 

 

23
23

/1021.99
10419.2

240
mW

m

W

Area

Power
FluxHeat ×=

×
==− −  

The calculations in (3.2.2) and (3.2.3) below were used in setting up the boundary 

conditions in FLUENT for the inlet magnitude velocity and the species mass fraction 

of the inlets. 

  

 

A.4 Species Mass Fraction 

 

The total flow-rate in the inlet of the HWCVD system used in this study is 60 sccm, in 

which is the total flow-rate of the two gases added together. As given in the 

nomenclature of this study, the sccm is the standard cubic centimeter which is the 

units for the flow rate of the gases inside the HWCVD system. 
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sec/1044.71 7 molsccm −×=  

The flow-rate of ( ) sccmHHydrogen 8.582 =  

Therefore the mass fraction for Hydrogen is: 
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And the flow-rate for sccmSiH 2.14 =  

Therefore, mass fraction of SiH4 is calculated as follows:   

   

( ) ( )[ ]

sec/1086.21
1000

sec/1086.2
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   Then the percentage of the flow rate: 
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APPENDIX B 

 

This appendix gives a detail flow results of the gas-flow patterns inside the HWCVD 

system. The appendix shows the temperature, velocity and the gas-flow distribution 

inside the system. 

 

 

B.1 Contours and Path-lines 

 

In figure B 1 and B2 shows the contour plots of the temperature around the walls of 

the deposition system. From the plots, it can be seen that the regions near to the 

filaments and the heater are hotter than the other parts. It can also be seen that above 

the heater and below the filaments stand are the cold dead zones of the deposition 

system from the plots.  

 

In figure B3 and B4 is the pathlines colored by the temperature and the velocity 

respectively, giving a full overview of the flow of the gases inside the HWCVD 

system. 
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Figure B1: Temperature contours 
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Figure B2: Temperature contours with a plane drawn at (y0=-15, y1=15, y2=-15) axis. 
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Figure B3: Path-lines colored by the Temperature. 
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Figure B4: Path-lines colored by the velocity. 
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