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CHAPTER I 

INTRODUCTION 

 

1.1 Background and Motivation 

 

Since 1960s, the aerospace industry has integrated Computational Fluid Dynamics 

(CFD) techniques into design, R&D, and manufacturing of aircraft and jet engines. 

Nowadays, this method have been applied to analyze the various fluid flow problems 

and becomes an important engineering tool because CFD can produce extremely large 

volumes of results at virtually low expense to perform parametric studies [1]. CFD is 

a branch of fluid mechanics that uses numerical method and algorithm to solve and 

analyze momentum, heat, and mass transfer in various systems. Phenomena of fluid 

flow are usually explained by three fundamental physical laws, including the 

conservation of mass, the Newton's second law of motion, and the first law of 

thermodynamics. CFD is very useful and spans a wide range of application areas. For 

example, fluid flow pattern in cyclone separator [2], membrane separation [3], reactor 

optimization [4], heat transfer in packed bed column [5], etc.  

 

Zinc oxide is an inorganic compound with the formula ZnO appearing as a white 

powder. Zinc oxide is known as a II-VI semiconductor with useful electronic 

properties, which are wide band gap energy (3.37 eV) and high exciton binding 

energy (60 meV). Because of its electronic properties, zinc oxide is an excellent 

candidate for the fabrication of nanoelectronic and photonic devices. Zinc oxide has 

various nanostructures, such as nanorods [6], nanoneedle structures [7], comb 

structures [8], tetrapods [9], which depend on different synthesizing routes and 

conditions, such as Metal Oxide Chemical Vapor Deposition (MOCVD) [10], 

hydrothermal treatment [11], thermal oxidation [12-14]. Among these method, the 

thermal oxidation of zinc vapor provides a highly efficient and simple protocol as it 

requires only mixing the two feeds of zinc vapor and oxygen in a closed system to 

allow the oxidation of zinc at a high temperature.  
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Regarding to the benefits of CFD and requirement of controlled synthesis of zinc 

oxide, many researchers use CFD techniques combine with experimental results to 

describe the phenomena of zinc oxide formation [4, 15]. Those important parameters 

would be pressure profiles, velocity profiles, temperature profiles, mass fraction of 

chemical components, etc. Though, there are some previous works related to 

numerical investigation of zinc oxide synthesis, clear understanding on formation of 

zinc oxide in the thermal oxidation process is still a challenging issue worthwhile for 

farther examination.  

 

The objective of this research is to investigate the effects of pulse injection on 

yield of zinc oxide by using FLUENT® commercial CFD code. The k-epsilon 

turbulent model and species transport equations with finite reaction rate are used to 

compute fluid motions and yield of zinc oxide.   
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1.2 Objectives of the Research 

 

The objective of this research is to investigate the effect of pulsed injection on 

zinc oxide synthesis by thermal oxidation which is modified with pulse injection by 

using FLUENT®. 

 

1.3 Scope of the Research 

 

1.3.1 Validation of simulation models ; Comparison between simulation results 

and experimental results  

 

1.3.2 Employ CFD technique using FLUENT® to study zinc oxide synthesis by 

thermal oxidation. The following synthesis parameters are investigated for 

their effects on yields of zinc oxide,  

 

- Effect of pulse injection position, including 0.5, 2.5, and 5.5 cm from 

outlet of air feed tube 

- Effect of pulse characteristic, including pulse and continuous 

- Effect of air feed position, including co-current and cross current 

 

1.4 Procedure of the Research 

 

- Conduct literature survey and review 

- Model setup (e.g. Solid modeling, grid generation, etc.) 

- Solve problems by using FLUENT® and investigate grid independent solutions 

- Compare simulation results with experiment data which reported in other 

previous works 

- Simulation of synthesis parameters which effect on yield of zinc oxide  

- Making discussion and conclusion of simulation results 

- Writing thesis and preparation of draft manuscript for journal publication 
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1.5 Expected Benefit 

 

- Obtain knowledge of zinc oxide synthesis by pulse thermal oxidation using 

FLUENT®    

 



CHAPTER II 

THEORY AND LITERATURE REVIEW 

 

2.1 Computational Fluid Dynamics (CFD) 

Computational fluid dynamics or CFD is a branch of fluid mechanics that uses 

numerical technique and algorithm to solve and analyze various flow problems. CFD 

becomes an important engineering tool because it can provide clear insight into many 

fluid flow phenomena and produce extremely large volumes of results with 

inexpensive operating cost. CFD is very powerful and spans a wide range of 

engineering application areas e.g., aerodynamics of aircraft and vehicles, 

hydrodynamics of ships, mixing and separation in chemical processes, etc. 

2.1.1 CFD processing 

 Generally, CFD program contains three main processes, including pre-

processor, solver, and post-processor [1].  

 pre-processor 

 This step consists of the input of flow problem to a CFD program, such 

as definition of the computational domain, grid generation, selection of the physical 

and chemical phenomena, definition of material properties, etc.  

 solver 

 There are three distinct streams of numerical solution technique, 

including finite difference method, finite element method, and finite volume methods. 

Generally, the solver performs the following steps, 

 Approximation of unknown flow variables by simple function. 

 Transform the PDEs into algebraic equation. This step is called 

discretisation. 
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 Solution of the algebraic equations. 

   post-processor 

Post-processor contains versatile data visualization tools, such as 

geometry and grid display, vector plot, line and shaded contour plots, etc 

CFD processing can be summarized as a diagram, which shown in Figure 2.1. 

 

Figure 2.1 CFD processing diagram 

2.1.2 Finite volume method 

Finite volume method is numerical solution technique. This method was 

originally developed as a special finite difference formulation. Finite volume method 

consists of  the following steps,  

Post-processor

Solution displays

- Graph

- Contour

- Vector

- etc.

Pre-processor

Solid modeling

Grid generation

Solver settings

- Transport equation

- Physical models

- Material properties

- Boundary conditions

- Initial conditions

- etc.

Solver

Numerical techniques

- Finite difference method

- Finite element method

- Finite volume method
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 Integration of fluid flow governing equations over control volume. 

 Discretisation involves the substitution of a variety of finite-difference-

type approximations in the integrated equation, including convection 

term, diffusion term and source term. This converts the integral 

equations into a set of algebraic equations. 

 Solution of the algebraic equations by an iterative method.  

2.2 Governing equations 

The fluid problems are usually governed by three fundamental physical equations, 

including the conservation of mass, the Newton's second law of motion, and the first 

law of thermodynamics. 

2.2.1 Mass conservation equation   

The conservation of mass states that mass may be neither created nor 

destroyed. The mass conservation equation or continuity equation is given by 

      0


















w

z
v

y
u

xt



 (1) 

or   0



U



t
 (2) 

where U is the velocity vector in cartesian coordinate and given by 

 kjiU wvu   

where i , j , and k  are the unit vectors along x, y, and z axes, respectively. 

2.2.2 Momentum equations 

The Newton's second law of motion states that the time rate of change of 

momentum of a system is equal to the net force acting on the system and takes place 

in the direction of the net force. The three momentum conservation equations are 

given by 
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x-component: 
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
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z-component: 
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zzyzxz S
zyxz

p
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Dw





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


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







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
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
 U  (5) 

2.2.3 Energy equation 

The first law of thermodynamics states that if a system is carried through 

a cycle, the total heat added to the system from its surroundings is proportional to the 

work done by the system on its surroundings. The energy equation in term of total 

energy ( E ) is given by 

 
     

















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
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     

E
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z

w

y

w

x

w


















 (6) 

Equations (1)-(6) are called the compressible Navier-Stokes equations. 

2.3 Turbulence and k-epsilon turbulence model 

Fluid flow pattern, including laminar, transition, and turbulent can be identified by 

Reynolds number (Re). The Reynolds number can be defined as the relative 

importance of inertia forces and viscous forces. In experiments on fluid systems it is 
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observed that at values below the critical Reynolds number (Recrit), the flow is smooth 

and adjacent layers of fluid slide past each other in an orderly fashion. This regime is 

called laminar flow. At values above Recrit, a complicated series of events takes place 

which eventually leads to a radical change of the flow character. In the final state the 

flow behavior is random and chaotic even with constant imposed boundary 

conditions. This regime is called turbulent flow [1, 16].    

2.3.1 Characteristics of the turbulent flow 

 Highly unsteady: The velocity is a function of time. The typical point 

velocity measurement might exhibit the form shown in Figure 2.2. 

 

Figure 2.2 Typical point velocity in turbulent flow [1] 

 

 Irregularity: It is another characteristic which makes the deterministic 

approach to turbulence problems impossible. One should relay on 

statistical approach. 

 Diffusivity: If the flow pattern is random but does not exhibit 

spreading of velocity fluctuations through the surrounding fluid then 

the flow is not turbulent. This characteristic of turbulence causes rapid 

mixing and increased rates of momentum, heat, and mass transfer. 

 Three dimensional: Turbulence is three dimensional and rotational. 

 Dissipative: The turbulent flows are always dissipative. 



10 

 Higher Reynolds number: Turbulence in the fluid flow always occurs 

at high Reynolds numbers. 

2.3.2 Reynolds average Navier-Stokes equations (RANS) 

According to irregular characteristic of turbulent flow, the computations 

based on the complete description of all fluid particles motion are impossible. 

However, the computations of turbulent flow can be solved by using statistical 

approach [16]. The instantaneous flow property ( ) is decomposed into its time-

averaged ( ) and fluctuating quantities ( ) as shown in equation (7).  

    tt    (7) 

This process is called Reynolds decomposition, which first proposed by Osborne 

Reynolds. The definition of time-average of  flow property ( ) and time-average of 

fluctuation property ( ) are given by 

  





t

dtt
t

0

1
  (8) 

   0
1

0




 
t

dtt
t

  (9) 

Regarding to Reynolds decomposition, pressure, velocity vector, and 

three velocity components, including x-, y-, and z-component can be expressed as 

)()( tpptp   (10) 

)()( tt UUU   (11) 

)()( tuutu   (12) 

)()( tvvtv   (13) 

)()( twwtw   (14) 
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The effects of fluctuations on mean flow can be investigated by replace 

the equations (10)-(14) into governing equations and apply time-average of flow 

property as shown in equations (8) and (9).  

The compressible continuity equation for the mean flow is given by 

       0














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w
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


 (15) 

or   0



U



t
 (16) 

The time-average momentum equations for compressible fluid with 

constant viscosity are given by 
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or     v
y

p
vv

t

2








 U  

          MySwv
z

v
y

vu
x
























 

2
 (20) 

z-component: 

        2w
z

vw
y

uw
x

w
t




















 

  
2

2

2

2

2

2

z

w

y

w

x

w

z

p



















   

         
MzSw

z
wv

y
wu

x


























2
  (21) 

or     w
z

p
ww

t

2








 U  

         
MzSw

z
wv

y
wu

x


























2
  (22) 

The equations (17)-(22) are called the Reynolds equation. There are new terms arise 

in equations (17)-(22), which are associated with turbulent velocity fluctuations. 

These extra turbulent stresses, which describe the diffusive nature of turbulence [17], 

are called Reynolds stresses. 

For convenience, the new notation of these Reynolds stresses [18] can be 

expressed as  

  





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
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


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ij
x

u

x

u
uu   (23) 

where t  is turbulent viscosity or eddy viscosity, which usually depends strongly on 

position. 

The relation in equation (23) was first postulated by Boussinesq in 1877. Thus, 

equations (18), (20), and (22) become 
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where eff  is the effective viscosity coefficient which is expressed as 

 teff    (27) 

2.3.3 k-epsilon turbulence model 

The k-epsilon model is one of the most common turbulence models 

which includes two extra transport equations to represent the turbulent properties of 

the flow. This model was proposed by Launder and Spalding [19]. The first transport 

equation is transport equation of turbulent kinetic energy (k) and the second one is 

transport equation of dissipation rate of turbulent kinetic energy ( ). Two transport 

equations can be shown in equation (28) and (29), respectively.  

k-transport equation: 
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 -transport equation: 

      











 S

k
CGCG

k
C

xx
u

xt
bk

j

t

j

i

i









































 2

231
  (29) 



14 

where 


 

2k
Ct  , 

i

j

jik
x

u
uuG




  , 

it

t

ib
x

T
gG






Pr


 , 22 tM MY  , 

u

v
C e tanh3   and the model constants in these equations are shown in Table 2.1. 

Table 2.1 Model constant for k-epsilon turbulence model [19] 

εC1  2C  C  
k    

1.44 1.92 0.09 1.0 1.3 

 

2.4 Jet flows  

Jet is one of the most common shear flows, which is one fluid stream intruding 

into another. Common example of intrusion of a fluid into another in chemical 

engineering is plumes exiting from industrial stacks as shown in Figure 2.3. 

 

Figure 2.3 Plumes exiting from industrial stacks 

(http://www.freefoto.com/preview/13-08-1/Chimney-Steam-Smoke) 
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Jet is one of greater interest to chemical engineer who are concerned with the rate 

at which two reactants interact with each other [20].  

There are many various types of intrusion according to whether they inject 

momentum, buoyancy, and both momentum and buoyancy in the ambient fluid. The 

different type of intrusion are shown in Table 2.2  

Table 2.2 Types of intrusion of a fluid into another [21] 

 Continuous injection Intermittent injection 

Momentum only Jet Puff 

Buoyancy only Plume Thermal 

Both momentum and 

buoyancy 

Buoyant jet  

or forced plume 
Buoyant puff 

  

2.4.1 Mechanics of the round jet 

An axis-symmetric turbulent jet discharged from a nozzle with exit 

velocity (U). Here, jet Reynolds number can be defined as /Re Ud , where d  is 

nozzle diameter and   is the kinematic viscosity. The transition process of jet can be 

explained by the schematic of jet as shown in Figure 2.4. 

After the flow exits from the nozzle the laminar flow produces the vortex 

roll-up fairly close to the nozzle. Then amplification involves the formation of a 

single strength vortex through the vortices paring. A short distance downstream the 

disturbance causes the vortices to become irregular. Subsequently, the flow breaks 

down to generate a large number of small scale eddies and becomes fully turbulent 

flow. 
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Figure 2.4 Transition in a jet flow [1] 

According to the jet flow. There are two important regions, including the 

potential core or zone of flow establishment (ZFE) and zone of established flow 

(ZEF) as shown in Figure 2.5.  In potential core region, the mean centerline velocity 

( mu ) is equal to exit velocity (U). The turbulent mixing does not penetrated into the 

jet center. However, the mixing process occurs in this region. The large-scale 

coherent structures (CS) entrain the external fluid into the jet shear layers, which is 

called bulk mixing, and mixing in smaller-scale dominated by velocity fluctuations 

[22]. The potential core region or ZFE eventually disappears downstream at distance 

of between 4-6 times nozzle diameter [23]. The region beyond potential core is called 

zone of established flow (ZEF). The mixing penetrates into the jet center. The mean 

velocity ( mu ) founds to decrease with increasing longitudinal distance (x). The cross-

sectional velocity profiles show a Gaussian distribution. 
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Figure 2.5 Schematic of the round jet [24]  
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2.4.2 Turbulent  jets  

Whenever a fluid enters a quiescent body of same fluid, a velocity shear 

is created between the entering and surrounding fluids, causing turbulence and 

mixing. Since the properties of turbulent flows depend on the geometry of the flow 

domain and the type of forces acting on the fluid. The different flow situations require 

specific investigation. Thus, the basic case of jet penetrating into a quiescent fluid is 

only considered. 

Experimental investigations of jets entering into a quiescent same fluid is 

shown in Figure 2.6. The radius of jet (R) is proportional to distance (x) downstream 

from nozzle. The universal angle of jet is 11.8º or approximately 24º from side to 

opposite side as shown in Figure 2.7. The radius of jet can be calculated by the 

relation in equation (30). The distance x must be counted from 5d/2 into conduit. This 

point is called virtual source. 

 xxR
5

1
)(   (30) 

 

Figure 2.6 A water jet entering from a nozzle into undisturbed tank of water [21] 
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Figure 2.7 Schematic description of a jet penetrating into a quiescent fluid [21] 

The velocity profile across the jet exhibits a Gaussian shape  

(bell shape). Therefore, the velocity profile across the jet is given by 

   



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where  xumax  is maximum velocity at the centerline, r is the radial of jet from 

centerline, and x is downstream distance along the jet which counted from the virtual 

source. 

When a jet enters a fluid at rest, the only momentum source is the jet 

itself with absence of external forces (i.e. accelerating force and decelerating force). 

This means cross-sectional momentum flux of jet remains constant downstream, 

which is given by 
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2
2

2

0

2 d
Urdru


 



 (32) 
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where   is fluid density, u  is fluid velocity, U is average exit velocity, and d is 

diameter of nozzle. 

After calculating equation (32) and by virtue of equation (31), the result 

becomes 

 U
d

u
2

5
max   (33) 

Equation (33) shows that the velocity along jet centerline decrease inversely with 

distance from virtual source. In other word, the ratio of max/ uU  increases linearly 

with distance (x). The maximum velocity corresponds an average velocity ( u ) can be 

defined as 

 U
x

du
rdru

R
u

2

5

2
2

1 max

0

2
 






 (34) 

According to entrainment of quiescent surrounding fluid, the volumetric 

flux (Q) is not constant along the jet. The volumetric flux can be expressed as 

 dUxxurdruQ
1050

2 2

max

0


  



 (35) 

The volumetric flux is found to increase linearly with distance (x). The entrainment 

rate (E) is given by 

 
10

dU

dx

dQ
E


  (36) 

The entrainment velocity is the radial velocity ( v ) used to carry this 

entrainment. The conservation of volume along a section dx  of the jet is given by 

 vdAdQ   (37) 
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where v is transverse velocity feeding the entrainment and dA  is lateral area of this 

section of jet ( RdxdA 2 ). Substitution of lateral area and substitution of R in term 

of x yields 

 
5

2
2

xv
Rv

dx

dQ 
   (38) 

Substitution equation (38) into equation (36) yields the value of entrainment velocity 

 u
u

x

Ud
v 10.0

204

max   (39) 

The entrainment velocity is found to decrease with distance (x).  

2.5 Zinc oxide  

2.5.1 Properties of zinc oxide 

Zinc oxide is an inorganic chemical compound with formula ZnO.  

Zinc oxide is insoluble in water. It appears as a white powder as shown in Figure 2.8. 

 

Figure 2.8 Zinc oxide powders 

(http://en.wikipedia.org/wiki/File:Zinc_oxide.jpg) 
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Zinc oxide is n-type semiconductor (II-VI semiconductor). It has several 

favorable properties, including good transparency, wide band gap energy (3.37 eV), 

high exciton binding energy (60 meV) and strong room-temperature luminescence. 

The other properties of zinc oxide are shown in Table 2.3. 

Table 2.3 Properties of wurtzite zinc oxide 

Property Value 

Lattice parameter at 300 K 
 

 a 

c 

c/a 

0.32495 nm 

0.52069 nm 

1.602 (ideal hexagonal structure is 1.633) 

Density 

Melting point 

Thermal conductivity 

5.606 g/cm
3
 

1975 ºC 

130 W/(m·K) 

Linear expansion coefficient (/ºC) a: 6105.6   

c: 6100.3   

Static dielectric constant 8.656 

Zinc oxide is widely used in various applications, such as plastics, 

ceramics, glass, cement, lubricants, paints, adhesives, sealants, pigments, foods, 

batteries, ferrites, fire retardants, first aid tapes, etc.  

2.5.2 Synthesis of zinc oxide by thermal oxidation process 

The most common process to synthesize zinc oxide is thermal oxidation. 

Thermal oxidation of zinc vapor provides a highly efficient and simple protocol as it 

requires only mixing the two feeds of Zn vapor and oxygen in a closed system to 

allow the oxidation of Zn at a high temperature. 
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2.6 Literature Reviews  

2.6.1 Pulse injection method 

Yang et al. [25] synthesized AlN layer using the pulse injection method 

at 800 ºC. The results was shown that the process parameters in the pulse injection 

method, including TMAl supply time ( TMAl ), TMAl partial pressure ( TMAlP ), and 1st 

H2 purge time ( 1H ) had great influence on the crystal quality and surface 

morphology. The growth rate, TMAlP , and 1H  should be 1 ML/cycle, 41091.3   mbar, 

and 1 s, respectively. According to these conditions, the best crystal quality were 

obtained because the agglomeration of grains and gas-phase reaction can be 

suppressed. TMAl partial pressure should be 41091.3   mbar to realize the best 

quality of AlN layer. Therefore, it can be concluded that the pulse injection method is 

very effective in achieving high-purity and high-quality AlN layer at temperature of 

800 ºC.   

2.6.2 Synthesis of zinc oxide by thermal oxidation 

Zhang et al. [26] used thermal evaporation technique without presence of 

catalyst and carrier gas to synthesizes zinc oxide from zinc foils. This experiment was 

designed to control the growth of the different morphologies of zinc oxide micro-  

and nano-structures. Their different morphologies, including porous membrane, 

nanowires (or nanorods), nanobelts, nanoneedles, and tetrapods were depended upon 

on the different heating rates in a tube furnace. 

Hsu et al. [27] synthesized zinc oxide from zinc powder source by 

thermal evaporation process. Under zinc rich conditions, they observed the large 

diameter of microwhiskers change to nanoneedles which exhibited strong green defect 

emission. However, under oxygen rich conditions, the smaller diameter variations 

were found, and the emission spectrum was dominated by UV instead of defect 

emission. 
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Charnhattakorn et al. [14] synthesized zinc oxide nanoparticles with 

oxygen vacancies by the French process which modified with pulse injection of 

nitrogen. Nitrogen pulse enhances the reaction between zinc vapor and oxygen in the 

French process and control oxygen vacancies within zinc oxide nanocrystals.  The 

content of oxygen vacancies depends upon the nitrogen pulse characteristic. The 

longer nitrogen pulse could provide higher growth of tetrapod zinc oxide with higher 

oxygen vacancies. 

2.6.3 Synthesis of zinc oxide using the combination of experiments and 

 Computational Fluid Dynamics (CFD) 

Reuge et al. [4] used a combination of experiments and computational 

fluid dynamics to studied the chemical vapor synthesis of zinc oxide tetrapods from 

zinc metal. The commercial CFD code of this research is FLUENT® which based on 

Finite Volume Method (FVM). The experimental study allowed ultrapure zinc oxide 

particles with 250-450 nm of mean lengths and 14-27 nm of mean diameters. Zinc 

oxide nanorods were revealed to depend on the reactor configuration (i.e. parallel 

flow/cross flow), but not on the position of air injection. However, the yield of the 

reaction depended both on the reactor configurations and on the position of air 

injection. It was maximum for the cross flow configurations. The CFD successfully 

predicted the experimental yield of the reaction for all the conditions tested. The 

combination of the experimental and simulated results led to better understanding of 

heat and mass transfer.  For the several parameters, such as argon and air flow rates, 

position of air injection, etc., were varied in the simulation to find the optimized 

reaction conditions for maximum yield and production rate. For cross flow 

configuration, the simulation results showed 71% yield and a production rate 7 times 

higher than the nominal value have been obtained. 
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Yamamoto et al. [15] fabricated tetrapod zinc oxide nanoparticles by gas 

phase reaction with using flow restrictor and integrated computational fluid dynamics 

to analyzed the phenomena inside the reactor. For flow restrictor, the leaving 

sufficient amounts of unreacted Zn vapor formed tetrapod zinc oxide. The simulated 

results showed the flow restrictor suppresses the mixing and reduces the residence 

time in the reactor so the remaining unreacted Zn vapor allowed the zinc oxide 

particles to grow in tetrapod-shape. 
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CHAPTER III 

SIMULATION 

 

 Procedures of simulation are described in this chapter. This simulation 

research is based on the experimental work of zinc oxide synthesis from zinc foils by 

thermal oxidation process reported by Charnhattakorn et al. [14]. Based on our 

literature survey, the following simulation procedures are designed as a tentative 

guideline. Simulation works would be separated into 3 parts; which are (i) Model 

setup, (ii) Investigation of grid independent solutions (iii) Validation of the model, 

and (iv) Simulation of synthesis parameters which effect on yields of zinc oxide. 

 

3.1 Model setup 

3.1.1 Modeling of zinc oxide reactor 

This simulation were set up based on the experimental work which 

reported by Charnhattakorn et al. [14]. The system is a tubular reactor with length of 

650 mm and inner diameter of 42 mm. The reactor was equipped with a coaxial tube 

at the upstream of the reactor for the delivery of air and nitrogen carrier gas to the 

reactor and a tube at another end for supplying a pulsing gas to the reaction zone as 

shown in Figure 3.1.  

 

Figure 3.1 Schematic diagram of experiment of Charnhattakorn et al. [14] :  

(1) supplied air, (2) supplied nitrogen gas, (3) solenoid valve controlled by timer,  

(4) zinc foil, (5) electrical furnace, (6) filter, and (7) vacuum pump 
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This reactor system was simplified to be two-dimensional as shown in 

Figure 3.2. The calculation domain and grid generation was done by GAMBIT as 

shown in Figure 3.3.  

 

Figure 3.2 Calculation domain 

 

Figure 3.3 Gird generation of calculation domain 
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3.1.2 Boundary conditions 

The boundary conditions were referred to experimental research of 

Charnhattakorn et al. [14]. Velocity profiles of gas at inlet were assumed to be 

uniform flow. The inlet gas velocities are shown in Table 3.1. Nitrogen pulse was 

applied to generate turbulence which enhanced mixing of zinc vapor and oxygen as 

depicted in Figure 3.4. At the walls, no-slip boundary condition was assumed while a 

temperature profile as shown in Figure 3.5 was applied along the longitudinal 

distance. The nitrogen pulse velocity and temperature profile along longitudinal 

distance were written in the C programming language and then applied to the solver. 

Table 3.1 Inlet gas velocities 

Feed Velocity, (m/s) 

Air 

Nitrogen 

Nitrogen and Zn vapor 

Nitrogen Pulse 

1.532 

0.628 

0.166 

Figure 3.4 

  

 

Figure 3.4 Time dependence of nitrogen pulse velocity 
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Figure 3.5 Temperature profile along the longitudinal distance 

3.1.3 Assumptions of the model  

The first assumption of the model was two-dimensional flow. Gases 

were considered to be ideal gas. Regarding to the general rule of thumb, gases were 

considered to be incompressible because Mach number was less than 0.2 [28]. The 

Fluid motion in the reactor was assumed to be turbulent flow. The homogeneous gas 

phase reaction was only considered. 

3.1.4 Governing equations of the model 

According to the assumptions of the model,  the governing equations of 

the model, including continuity equation, momentum equations, energy equation,  

k-epsilon turbulence model, and species transport equations with finite reaction rate 

can be expressed as follows, 

continuity equation: 
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momentum equation in x-direction: 
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momentum equation in y-direction: 
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energy equation: 
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 -transport equation: 
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species transport equations: 
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 In thermal oxidation process, zinc vapor is oxidized according to the 

following homogeneous gas phase reaction. 

  gZnOO
2

1
Zn

hom

2 
k  (45) 

The reaction rate of this reaction can be expressed as the following relation. 
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where R is the universal gas constant and T is the reaction temperature.  

3.1.5 Numerical methods 

Governing equations have been solved numerically by using FLUENT® 

with finite volume method (FVM), in which the computation domain is divided into a 

number of small cells, and the partial differential equations are integrated over each 

cell to obtain a set of algebraic equations. These algebraic equations were solved 

iteratively to obtain the field distribution of dependent variables. For this study, the 

pressure-velocity coupling was solved by using SIMPLE algorithm. The spatial 

discreatisation of gradient and pressure were least squares cell based and standard, 

respectively. Second order upwind scheme was applied to calculate momentum, 

energy, and gas species. The other quantities were calculated by first order upwind 

discreatisation scheme. 
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3.2 Investigation of grid independent solutions 

The purpose of this step was to make CFD calculations that gave grid independent 

solutions, i.e. results that do not change when the grid is refined further. The grid 

independent solution can be defined as a solution that has a solution error that is 

within a range that can be accepted by the researcher [29]. 

The procedure of grid independent solutions can be summarized as a diagram 

shown in Figure 3.6. 

START

Solid modeling

Grid generation

Calculation

Grid 

independent 

solutions

STOP

YES

NO

 

Figure 3.6 Investigation procedure of grid independent solution 

 

 

 

 



33 

3.3 Validation of the model 

Validation can defined as a process for assessing simulation modeling uncertainty 

by using benchmark experimental data [30]. The simulation results of three  

different pulse injection positions, including 0.5, 2.5, and 5.5 cm, were validated by  

comparing with experimental results which reported by Charnhattakorn et al. [14]. 

The pulse injection position can be defined as the distance between the exit of air feed 

and the center of nitrogen pulse injection position (xpulse) as shown in Figure 3.7. 

 

 

Figure 3.7 Pulse injection position 
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3.4 Simulation of synthesis parameters which affect the yield of zinc oxide  

The investigation of this simulation was separated into three parts as follow. 

3.4.1 Effect of pulse injection position 

 In this part, the effect of the pulse injection position on yields of zinc 

oxide was investigated by varying the Reynolds numbers of air jet, including  

Re of 315 which was the same value as that in the validation case, and Re of 630.  

The inlet gas velocities are shown in Table 3.2. 

Table 3.2 Inlet gas velocities for two different Reynolds numbers 

Feed 
Velocity, (m/s) 

Re=315 Re=630 

Air  

Nitrogen  

Nitrogen and Zn vapor  

Nitrogen Pulse  

1.532 

0.628 

0.166 

Figure 3.4 

3.064 

0.628 

0.166 

Figure 3.4 

 

3.4.2 Effect of pulse characteristic 

 The effect of pulse characteristic, including pulse nitrogen injection, and 

continuous nitrogen injection, on yields of zinc oxide was investigated. The total mass 

of cross flow nitrogen of both characteristics were identical. The inlet gas velocities 

are shown in Table 3.3. 
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Table 3.3 Inlet gas velocities for two different pulse characteristics 

Feed 
Velocity, (m/s) 

Pulse Continuous 

Air  

Nitrogen  

Nitrogen and Zn vapor  

Nitrogen Pulse  

1.532 

0.628 

0.166 

Figure 3.4 

1.532 

0.628 

0.166 

1.258 

 

3.4.3 Effect of air feed position 

 The effect of two different air feed positions, including co-current with 

continuous nitrogen flow, and cross current, on production yields were investigated. 

For cross current, nitrogen pulse and air were fed at air feed tube and nitrogen pulse 

tube, respectively. The inlet gas velocities are shown in Table 3.4.  

Table 3.4 Inlet gas velocities for two different air feed positions 

Feed 
Velocity, (m/s) 

Co-current Cross current 

Air  

Nitrogen  

Nitrogen and Zn vapor  

Nitrogen Pulse  

1.532 

0.628 

0.166 

1.258 

1.126 

0.628 

0.166 

1.533 
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CHAPTER IV 

RESULTS AND DISCUSSION 

 

4.1 Investigation of grid independent solutions 

In this part, the reactor with xpulse of 2.5 cm was only modeled to examine grid 

independent solutions. All models were done by GAMBIT. The geometry was 

separated into three parts, including upstream zone, reaction zone, and outlet zone as 

shown in Figure 4.1. Grid generation of all models was controlled to be quad cell as 

shown in Figure 4.2.  

 

Figure 4.1 Geometry of the model 

 

Figure 4.2 Grid generation of the model  
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Grid size was varied from 0.5 to 0.09 mm to determine grid independent solution 

as shown in Figure 4.3. The information of grid quality and grid quantity is shown in 

Table 4.1.  

Figure 4.3 Grid generation of the model with xpulse equal to 2.5 cm  

and grid size varied from: (a) 0.5, (b) 0.25, (c) 0.1, and (d) 0.09 mm 
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Table 4.1 Grid quality and grid quantity for different grid size 

Size 

(mm) 

Grid quality Grid quantity 

Minimum Orthogonal Maximum Aspect Ratio Cells Nodes 

0.5 

0.25 

0.1 

0.09 

7.08 10
-1

 

7.0710
-1

 

7.0710
-1

 

7.0710
-1

 

10 

20 

50 

55 

22,380 

78,577 

452,994 

553,627 

23,184 

79,920 

455,963 

556,894 

 

The calculated yields of zinc oxide were compared with the experimental results 

as shown in Table 4.2. The simulation results showed that grid independent solution 

was obtained at number of grid cells equal to 452,994 (grid size of 0.1 mm)  

as shown in Figure 4.4. 

Table 4.2 Comparison between experimental yields of zinc oxide and simulated data 

Experimental yield of zinc oxide (%) 
Simulation yield of zinc oxide (%) 

0.5 mm 0.25 mm 0.1 mm 0.09 mm 

32.24 16.78 20.87 31.38 30.69 
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Figure 4.4 The simulated yields of zinc oxide with different number of grid cells  

According to grid independent study, the other models were generated with grid 

size of 0.1 mm.  

 

4.2 Validation of the model 

According to the grid independent solution, all models to study three different 

pulse injection positions were done by GAMBIT with the grid size of 0.1 mm. Here, 

the dimensionless distance of pulse injection position (x*pulse) was introduced. The 

dimensionless x*pulse was defined as the ratio of the distance between the exit of air 

feed and the center of nitrogen pulse injection position (xpulse), (i.e., 0.5, 2.5, and 5.5 

cm) to 0.3 cm air feed tube diameter (dair). Grid generation of these models and their 

descriptions of grid quality and grid quantity are shown in Figure 4.5 and Table 4.3, 

respectively. 

The synthesis of zinc oxide by thermal oxidation was simulated using FLUENT® 

software. The k-epsilon model was used to model turbulence, and species mass 

transport equations with finite rate with eddy dissipation were employed to calculate 

mass transport of zinc oxide. The boundary conditions (i.e., inlet velocity, 

temperature, and mass fraction) of all models referred to the experimental work of 

Charnhattakorn et al.  The simulated results were validated by comparing with the 

experimental results reported by Charnhattakorn et al. [14].  

0

5

10

15

20

25

30

35

0 200,000 400,000 600,000

Y
ie

ld
s 

o
f 

zi
n
c 

o
zi

d
e,

 (
%

)

Number of cells

Simulation

Experimental [14]



40 

 

Figure 4.5 Grid generation of the model for x*pulse of: (a) 1.67, (b) 8.33, and (c) 18.33 

Table 4.3 Grid quality and grid quantity for different x*pulse 

x*pulse 
Grid quality Grid quantity 

Minimum Orthogonal Maximum Aspect Ratio Cells Nodes 

1.67 

8.33 

18.33 

7.0710
-1

 

7.0710
-1

 

7.0710
-1

 

50 

50 

50 

437,992 

452,994 

472,286 

441,162 

455,963 

474,956 
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The main assumption of k-epsilon model is isotropic. This model does not account 

either large-scale or small-scale of turbulence. According to this assumption, the 

model constants of finite rate with eddy dissipation were modified to obtain the yield 

of zinc oxide. The mixing constant A for x*pulse of 1.67, 8.33, and 18.33 were 0.375, 

4, and 0.5, respectively. The constant B for x*pulse of 1.67, 8.33, and 18.33 were 0.1, 

0.5, and 0.1, respectively. 

The simulation results were obtained for three different x*pulse, including 1.67, 

8.33, and 18.33. Figure 4.6 illustrates the comparison between the computed yields of 

zinc oxide and the experimental data for different x*pulse. Figure 4.7 shows contours of 

velocity and mass fraction of zinc oxide for different x*pulse at t=11.1s. 

 

Figure 4.6 Comparison between simulated yields of zinc oxide and experimental data 

for different x*pulse 
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Figure 4.7 The contours of velocity for x*pulse of: (a) 1.67, (b) 8.33, and (c) 18.33 and 

the mass fraction of zinc oxide contours for x*pulse of: (d) 1.67, (e) 8.33, and (f) 18.33 

at t=11.1s 



43 

The contours of velocity, mass fraction of zinc oxide and temperature for x*pulse of 

8.33 at t=11.1s and t=19s are shown in Figure 4.8 and Figure 4.9, respectively.  

 

Figure 4.8 The contours of: (a) velocity, (b) mass fraction of zinc oxide,  

and (c) temperature, for x*pulse of 8.33 at t=11.1s 
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Figure 4.9 The contours of: (a) velocity, (b) mass fraction of zinc oxide,  

and (c) temperature, for x*pulse of 8.33 at t=19s 
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The error between the predicted yields of zinc oxide and the experimental data 

was less than 3% as shown in Table 4.4. Based on the results in Figure 4.6 and  

Table 4.4, the computed yields of zinc oxide were in good agreement with the 

experimental data. 

Table 4.4 Summary of the experimental and simulation results for different x*pulse 

x*pulse Experimental yield (%) Simulated yield (%) % error 

1.67 

8.33 

18.33 

19.82 

32.24 

29 

19.53 

31.38 

28.87 

1.46 

2.69 

0.46 

 

4.3 Simulation of synthesis parameters which affect the yield of zinc oxide 

4.3.1 Effect of pulse injection position 

 The experimental and simulation results showed that the maximum yield 

of zinc oxide was observed at x*pulse of 8.33. The cause of the presence of maximum 

zinc oxide yield would be ascribed to the influence of air jet. Such effect was 

confirmed by varying two different Reynolds numbers of air jet ( airRe ), including 

airRe  of 315, which was the same value as that in the validation case, and 
 

airRe  of 630. Here, Reynolds number of air jet can be defined as airairair /UdRe  , 

 U is average air exit velocity, dair is air feed tube diameter, and air  is kinematic 

viscosity of air. These two different models were simulated without nitrogen pulse 

injection. The contours of axial velocity of air jet for two different Reynolds numbers 

are shown in Figure 4.10. 
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Figure 4.10 Axial velocity contours of: (a) Reair=315 and (b) Reair=630 

 Regarding to the jet flow, jet consists of two important regions, 

including zone of flow establishment (ZFE), and zone of established flow (ZEF). In 

potential core region or ZFE, the mean centerline velocity is equal to air exit velocity 

(U). The cross-sectional axial velocity distributions of air jet at different x*air showed 

that the ZFE region were observed to disappear at x*air of 4 as shown in Figure 4.11. 

The dimensionless x*air can be defined as the ratio of longitudinal distance from air 

exit (x) to air feed tube diameter (dair).  
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Figure 4.11 The relation between ratio of cross-sectional axial velocity of air jet to  

air exit velocity (u/U) and the ratio of radius from centerline of air tube to air feed 

tube diameter (r/dair) for different x*air 
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   The second important region is called zone of established flow (ZEF), in 

which the turbulent mixing penetrates into the jet center. In other words, the 

environmental fluid is entrained by jet stream. Typically, the maximum entrainment 

velocity occurs at the first position of turbulent region. The maximum entrainment 

velocity of two different air Reynolds numbers, including 315, and 630, occurred at 

x*air of 8.33 and 5, respectively, as shown in Figure 4.12. In other words, The first 

position of turbulent flow of two different Reynolds numbers, including 315, and 630, 

occurred at x*MEV of 8.33 and 5, respectively. The dimensionless distance of 

maximum entrainment velocity position (x*MEV) can be defined as the ratio of  

the position with the maximum entrainment velocity (xMEV) to air feed tube  

diameter (dair). 

 

Figure 4.12 Entrainment velocity along x*air 

 The yields of zinc oxide for air Reynolds number of 630 with six 

different pulse injection positions (x*pulse), including 1, 1.67, 5, 8.33, 11, and 18.33, 

were simulated. These six models were separated into two groups. The first group 

(Group I) was referred to the same positions in validation case, including 1.67, 8.33, 

and 18.33. The second group (Group II), including 1, 5, and 11 was referred to the 

same positions of x* in validation case. The dimensionless x* can be defined as the 

ratio of the dimensionless of pulse injection position (x*pulse) to the dimensionless 
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distance of the maximum entrainment velocity position (x*MEV) for given Reynolds 

number. Grid generation of these models and their descriptions of grid quality and 

grid quantity are shown in Figure 4.13 and Table 4.5, respectively.  

 

 

 

 

Figure 4.13 Grid generation of the model for x*pulse of: (a) 1, (b) 1.67, (c) 5, (d) 8.33, 

(e) 11, and (f) 18.33 
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Figure 4.13 (continued) 

Table 4.5 Grid quality and grid quantity of model for air Reynolds number of 630 

x*pulse 
Grid quality Grid quantity 

Minimum Orthogonal Maximum Aspect Ratio Cells Nodes 

1 

1.67 

5 

8.33 

11 

18.33 

7.0710
-1

 

7.0710
-1

 

7.0710
-1

 

7.0710
-1

 

7.0710
-1

 

7.0710
-1
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50 

50 

50 

50 

50 

436,899 

437,992 

445,408 

452,994 

458,114 

472,286 

440,089 

441,162 

448,478 

455,963 

461,003 

474,956 
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 The synthesis of zinc oxide of these models were predicted using 

FLUENT® software. The simulated yields of these models are shown in Figure 4.14. 

The maximum yield of zinc oxide occurred at x*pulse of 5, at which the maximum 

entrainment velocity was observed.  

 

Figure 4.14 Simulated yields of zinc oxide for two different groups ( airRe =630) 

 Simulation results of two different air Reynolds numbers, including 315, 

and 630, are shown in Table 4.6. These results showed that the maximum yields of 

zinc oxide occurred at x*pulse of 8.33 and 5, respectively.  

Table 4.6 Summary of zinc oxide yields for two different air Reynolds numbers  

x*pulse 
airRe =315 Group I Group II 

x* yield (%) x* yield (%) x* yield (%) 

1 

1.67 

5 

8.33 

11 

18.33 

- 

0.2 

- 

1 

- 

2.2 

- 

19.53 

- 

31.38 

- 

28.87
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- 

22.93 
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 The maximum yields of zinc oxide occurred at x* of 1 because the zinc 

vapor would be entrained by air jet and reacted with oxygen. The reaction between 

zinc vapor and oxygen was also dominated by the turbulent mixing due to nitrogen 

pulse injection. These simulated results were consistent with the experimental work of 

jet flow. The experimental work [22] revealed that the large-scale coherent structures 

(CS) in potential core region entrain the environment fluid into the jet shear layers and 

mixing two fluid (i.e., zinc vapor and oxygen) in smaller-scale.  

    

4.3.2 Effect of pulse characteristic 

Effect of pulse characteristic, including pulse injection and continuous 

injection, on the yield of zinc oxide was studied under the identical total mass of 

nitrogen. The two different nitrogen inlet velocities are shown in Figure 4.15. 

 

Figure 4.15 Inlet nitrogen velocity for two different pulse characteristics  

The effect of pulse characteristic was obtained for different pulse 

injection position (x*pulse), including 1.67, 8.33, and 18.33. The contours of velocity, 

mass fraction of zinc oxide, turbulent kinetic energy, and temperature of the two 

different pulse characteristics for x*pulse of 8.33 at t=11.1s and t=19s are shown in 

Figure 4.16 and Figure 4.17, respectively 
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Figure 4.16 The contours of pulse injection with x*pulse of 8.33 of: (a) velocity,  

(b) mass fraction of zinc oxide, (c) turbulent kinetic energy, and (d) temperature, at 

t=11.1s and (e) velocity, (f) mass fraction of zinc oxide, (g) turbulent kinetic energy, 

and (h) temperature, at t=19s  
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Figure 4.17 The contours of continuous injection with x*pulse of 8.33 of: (a) velocity,  

(b) mass fraction of zinc oxide, (c) turbulent kinetic energy, and (d) temperature, at 

t=11.1s and (e) velocity, (f) mass fraction of zinc oxide, (g) turbulent kinetic energy, 

and (h) temperature, at t=19s 
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 The calculated yields of zinc oxide of both characteristics for different 

x*pulse are shown in Table 4.7.  

Table 4.7 Simulated yields of zinc oxide of two different pulse characteristics 

x*pulse 
Simulated yields (%) 

Pulse Continuous 

1.67 

8.33 

18.33 

19.53 

31.38 

28.87  

29.11 

38.19 

37.27 

 The comparison of zinc oxide yields showed that the yields of 

continuous injection was greater than the pulse injection for every x*pulse, i.e. an 

increase of 49.1%, 21.7%, and 29.1% at x*pulse of 1.67, 8.33, and 18.33, respectively. 

The cause of these results would be ascribed by turbulent kinetic energy. Turbulent 

kinetic energy (k) can be defined as 

  222

2

1
wvuk    

According to the first assumption of these models, turbulent kinetic energy can be 

expressed as 

  22

2

1
vuk    

Turbulent kinetic energy describes the diffusive nature which causes rapid mixing and 

increased rates of momentum, heat, and mass transfer [16, 17].  

 The turbulent kinetic energy along longitudinal centerline of air feed 

tube of two different pulse characteristics are shown in Figure 4.18.  
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Figure 4.18 Turbulent kinetic energy along air tube centerline of pulse injection and 

continuous injection with different pulse injection positions  

 The yields of continuous injection were greater than pulse injection 

because the turbulent kinetic energy at injection position for continuous injection was 

greater than pulse injection and injection period time of continuous was longer than 

another one. 

4.3.3 Effect of air feed position 

Effect of air feed position, including co-current, and cross current, on the 

yield of zinc oxide was studied under identical Reynolds number at air feed tube and 

identical mass of air feed. For the cross current, nitrogen and air were fed at air feed 

tube and nitrogen pulse tube, respectively. 
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The effect of air feed position were obtained for different pulse injection 

position (x*pulse), including 1.67, 8.33, and 18.33. The contours of velocity, mass 

fraction of zinc oxide, turbulent kinetic energy, and temperature of two different air 

feed positions for x*pulse of 8.33 at t=11.1s and t=19s are shown in Figure 4.17 and 

Figure 4.19, respectively. 

 

Figure 4.19 The contours of cross current with x*pulse of 8.33 of: (a) velocity,  

(b) mass fraction of zinc oxide, (c) turbulent kinetic energy, and (d) temperature, at 

t=11.1s and (e) velocity, (f) mass fraction of zinc oxide, (g) turbulent kinetic energy, 

and (h) temperature, at t=19s 
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The simulated yields of zinc oxide for two different air feed positions 

with different x*pulse and the turbulent kinetic energy along longitudinal centerline  

of air feed tube of two different air feed positions are shown in Table 4.8, and  

Figure 4.20, respectively. 

The simulated yields of zinc oxide showed that the yield of co-current 

was slightly greater than cross current for every x*pulse. In addition, the turbulent 

kinetic energy of co-current was slightly higher than cross current for every x*pulse. 

These results revealed that the air feed position was not significant effect on either the 

yield of zinc oxide or turbulent kinetic energy. 

Table 4.8 Simulated yields of zinc oxide of two different air feed positions 

x*pulse 
Simulated yields (%) 

Co-current Cross current 

1.67 

8.33 

18.33 

29.11 

38.19 

37.27 

28.64 

38.19 

36.91 
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Figure 4.20 Turbulent kinetic energy along air tube centerline of co-current  

and cross current with different pulse injection positions 
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CHAPTER V 

CONCLUSION AND RECOMMENDATION 

 

5.1 Conclusions 

In this work, zinc oxide synthesis by thermal oxidation technique was investigated 

using a CFD program, FLUENT®. The study focused on the effects of nitrogen pulse 

injection position and characteristic. In addition, the effects of air feeding position 

were also investigated. The simulation boundary conditions were set up based on the 

experimental work of Charnhattakorn et al [14]. The model was simplified to be two 

dimensional model. Gases were considered to be incompressible and ideal. The fluid 

motion was considered to be turbulent flow.  The homogeneous gas phase reaction 

was only considered.  

The k-epsilon model and species mass transport equations were applied to 

simulate turbulence and mass fraction of zinc oxide, respectively. Grid generation of 

all models was generated with grid size of 0.1 mm. The computed yields of zinc oxide 

were in good agreement with the experimental data [14]. The conclusions of the 

present research are summarized as follows: 

 The pulse injection tube should be placed at the position, which the maximum 

entrainment velocity was observed, to obtain the maximum yield of zinc oxide.  

The maximum yield of zinc oxide was due to the turbulent mixing by nitrogen 

pulse injection and maximum entrainment velocity of jet. These simulated results 

were in good agreement with the experimental work of jet flow which revealed 

that the large-scale coherent structures (CS) in potential core region entrain the 

environment fluid (i.e., zinc vapor) into the jet shear layers and mixing two fluid, 

(i.e., zinc vapor and oxygen) in smaller-scale. 

 The continuous injection characteristic led to greater yields of zinc oxide than the 

pulse injection. It was due to the higher turbulent kinetic energy at injection 

position and longer pulse period. 
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 The yield of zinc oxide and turbulent kinetic energy for co-current flow of air feed 

were slightly greater than cross current flow. These results revealed that the air 

feed position was not significant effect on either the yield of zinc oxide or 

turbulent kinetic energy.   

 

5.2 Recommendation for Future Work 

 

 1.  Use three dimensional simulation instead of two dimensional simulation to 

eliminate the error resulting from two dimensional model because turbulence is three 

dimensional. 

 2.  Use Large Eddy Simulation (LES) instead of k-epsilon turbulence model to 

simulate large-scale coherent structures (CS) of jet flow. 

 3.   Use PIV method to confirm CFD simulation flow pattern. 
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APPENDIX A 

C-CODE OF NITROGEN PULSE VELOCITY  

  

#include "udf.h" 

DEFINE_PROFILE(N2_vel_pulse,thread,index) 

{ 

 face_t f1; 

 real t = CURRENT_TIME; 

 begin_f_loop(f1,thread) 

  { 

   real tmod11 = t - (11 * floor(t / 11)); 

   real y; 

   

   if (tmod11 < 0.1) { 

    y = 311.82* tmod11; 

   } else if (tmod11 < 0.2) { 

    y = (-290.170* tmod11) + 60.199; 

   } else if (tmod11 < 5) { 

    y = 2.165; 

   } else if (tmod11 < 5.2) { 

    y = (-10.825* tmod11) + 56.290; 

   } else { 

    y = 0; 

   } 

   F_PROFILE(f1,thread,index) = y; 

  } 

 end_f_loop(f1,thread) 

} 
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APPENDIX B 

C-CODE OF TEMPERATURE PROFILE 

 

#include "udf.h" 

DEFINE_PROFILE(temp_wall,thread,position) 

{ 

 real r[3]; 

 real x; 

 face_t f3; 

 begin_f_loop(f3,thread) 

  { 

  F_CENTROID(r,f3,thread); 

      x = r[0]; 

  F_PROFILE(f3,thread,position) = 229049.89*x*x*x*x*x*x -  

   401566.64*x*x*x*x*x + 255764.26*x*x*x*x   

   - 70248.54*x*x*x + 2711.18*x*x + 2616.07*x + 650.54; 

  } 

 end_f_loop(f3,thread) 

}  
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APPENDIX C 

SIMPLE ALGORITHM 

 

  SIMPLE stands for Semi Implicit Method for Pressure-linked 

Equations. This algorithm was introduced by Patankar and Spalding (1972) [1]. This 

method can be demonstrated by two-dimensional laminar steady flow equations in 

Cartesian co-ordinates. 

   JiJiJIJInbnbJiJi bAppuaua ,,,,1,,    (C-1) 

   jIjIJIJInbnbjIjI bAppvava ,,,1,,,    (C-2) 

 First, the pressure field *p (guessed pressure) is guessed. Then, 

substituting *p  into equations (C-1) and (C-2) to yield 
*u  and 

*v  as follows 

   JiJiJIJInbnbJiJi bAppuaua ,,

*

,

*

,1

**

,,    (C-3) 

   jIjIJIJInbnbjIjI bAppvava ,,

*

,

*

1,

**

,,    (C-4) 

Then, the pressure correction and velocities correction can be defined as follows 

 *ppp   (C-5a) 

 
*uuu   (C-5b) 

 
*vvv   (C-5c) 

 Subtraction equations (C-3) and (C-4) from equations (C-1) and (C-2), 

respectively. Then, using correction formulae equations (C-5a)-(C-5c) to yield 

equations (C-6) and (C-7). 

   JiJIJInbnbJiJi Appuaua ,,,1,,


  (C-6) 

   jIJIJInbnbjIjI Appvava ,,1,,,


  (C-7) 
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 Approximating equations (C-6) and (C-7) by eliminate  
nbnbua and 

 
nbnbva . Equations (C-6) and (C-7) become 

  JIJIJiJi ppdu ,,1,,


  (C-8) 

  JIJIjIjI ppdv ,1,,,


  (C-9) 

where 
Ji

Ji

Ji
a

A
d

,

,

,   and 
jI

jI

jI
a

A
d

,

,

,   

 Substituting equations (C-8) and (C-9) into equations (C-5b) and (C-5c), 

respectively. Then, rearranging the results to yield equations (C-10) and (C-11). 

  JIJIJiJiJi ppduu ,,1,

*

,,
 

 (C-10) 

  JIJIjIjIjI ppdvv ,1,,

*

,,
 

 (C-11) 

Similar expressions exist for Jiu ,1  and 1, jIv : 

  JIJIJiJiJi ppduu ,1,,1

*

,1,1 
  (C-12) 

  1,,1,

*

1,1, 
 JIJIjIjIjI ppdvv  (C-13) 

where 
Ji

Ji

Ji
a

A
d

,1

,1

,1





   and 
1,

1,

1,





 
jI

jI

jI
a

A
d  

The velocity field will satisfy continuity equation. The discretised continuity equation 

is given by 

           0,1,,,1   jIjIJiJi vAvAuAuA   (C-14) 

Substituting the corrected velocity into equation (C-14) yields the pressure correction 

equation. 

 JIJIJIJIJIJIJIJIJIJIJI bpapapapapa ,1,1,1,1,,1,1,1,1,,


  (C-15) 

where 1,1,,1,1,   JIJIJIJIJI aaaaa  and the coefficients are given in Table C.1. 
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Table C.1 Coefficients of pressure correction equation and their values  

Coefficient Value 

JIa ,1  

JIa ,1  

1, JIa  

1, Jia  

JIb ,
  

  JidA ,1  

  JidA ,  

  1, jIdA  

  jIdA ,  

        1,

*

,

*

,1

*

,

*

  jIjIJiJi AvAvAuAu   

 

 The source term b  is the mass imbalance which arising from the incorrect 

velocity field 
*u  and 

*v . By solving equation (C-15), the correction pressure ( p ) 

can be obtained at all points. Then, the correct pressure and correct velocities can be 

obtained by solving equations (C-5a) and (C-10)-(C-13), respectively. 

 The earlier approximation does not affect the final solution because the 

correction pressure and correction velocities will be zero in converged solution giving

 pp * , uu *
 and vv *

. 

 The pressure correction is susceptible to divergence unless some under-

relaxation is used during the iterative process and new, improved, pressure newp  are 

obtained with 

 ppp p

new  *  (C-16) 

where p  is the pressure under-relaxation factor. 
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 A correct choice of under-relaxation factor ( ) is essential for cost-

effective simulations. Too large value of   may lead to divergent iterative solutions 

and a value which is too small will cause extremely slow convergence. Unfortunately, 

the values of under-relaxation factors are flow dependent and must be sought on a 

case-by-case basis. 

 The procedure of SIMPLE algorithm is shown in Figure C.1. 

 

Figure C.1 The SIMPLE algorithm 
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