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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.



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.



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



1.5 Expected Benefit

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



CHAPTER Il

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,

e Approximation of unknown flow variables by simple function.
e Transform the PDEs into algebraic equation. This step is called

discretisation.



e 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.

Pre-processor Solver

Solid modeling Numerical techniques

Y - Finite difference method
Grid generation

I}

Solver settings

- Finite element method

- Finite volume method

- Transport equation

- Physical models

- Material properties Post-processor

- Boundary conditions

- Initial conditions Solution displays
- efc. - Graph

- Contour

- Vector

- etc.

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,



¢ 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.

e 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

op O .
EJF&(PU)JF@(PV)JF&(PW)—O 1)
or %O+V-(pu):0 2)

where U is the velocity vector in cartesian coordinate and given by
U =ui+Vvj+wk
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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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

p— = +— +— +—

DE _ dup) a(vp) 8(wp) a(kgj a(kgj a[ aTj

Dt ox oy a oxox) oyl oy) all ez
+ a(l'”-xx)_i_ 8(U Tyx)+ a(uz-zx)_i_ a(VTXY)+ a(VTyy)+ a(VTZy)
OX oy 0z OX oy 0z
+ a(Wsz ) + a(WTyZ ) + 8(Wz-zz ) + SE (6)
OX oy oz

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



observed that at values below the critical Reynolds number (Regit), 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 Regit, 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

e Highly unsteady: The velocity is a function of time. The typical point
velocity measurement might exhibit the form shown in Figure 2.2.

uh

-
=

t
Figure 2.2 Typical point velocity in turbulent flow [1]

e lrregularity: It is another characteristic which makes the deterministic
approach to turbulence problems impossible. One should relay on
statistical approach.

e 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.

e Three dimensional: Turbulence is three dimensional and rotational.

e Dissipative: The turbulent flows are always dissipative.
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¢ 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).

olt)=p +¢/(t) (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

7= [oltkt ®)
N 1 ¢ '
o' = [o(tdt=0 9)

Regarding to Reynolds decomposition, pressure, velocity vector, and

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

p®) =p+p't) (10)
U@t)=U+U'(t) (11)
ut)=u+u'(t) (12)
v(t) =V +V'(t) (13)

w(t) = W +w'(t) (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
— o )+ = () + — (W)= 0 (15)
op —

or E+V-(pU)=O (16)

The time-average momentum equations for compressible fluid with

constant viscosity are given by

X-component:

9 (o) 2 (o2 2o fpaw) + 2
~(o0)+— (pu? )+ ay(/OUV)+ ~ (pw)
=—@+ 82u+ 82U+ o%u
aX /uaxz /’layz /uaZZ
e S e ey T
or %( 0)+V-( __):_gﬂlvzu
-2l 2 ) 2w es. a9
y-component:
(o) 2 v+ 2 (2 + 2 (prw
% (en) ax(pvu)+ay(p\/ J+— (o7w)
:_@4_ 82\7_'_ 82\7+ 62_
oy o T T

|2 ) L P S| s,,
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or g( 7)+ V- (p70) = -2+ 4V
[-2650) 2 ) 2ws, o
z-component:
%( W) %(/)WUH%(/JWV) %(ﬂwz)
_ azv_\/+ 62w+ O°W
a M My T e
|- Zlw)- L)L) es
or é(,OW)JFV'(/OWU):_?EJ”‘NZW
ot 0z
|- 2o} Z o) ZhF) s

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

— ou, Ou;

=(t) _ oo i ]

7. =—pull’ = | —+— (23)
: . {axj X, J

where , 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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X-component:

(p0)+V-(o0) ==L+ g V20 45, @

y-component:

() +V-(o0)=-L s g, vi0 s, 25)
Z-Component:

& (o) + v (pW0)=—L 4 g VI + S, (26)

ot oz

where u,, is the effective viscosity coefficient which is expressed as

He = 1+ 14 (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:

a(pk)+%(pkﬁ):£“y+ﬂ}%}+6k+Gb—p8—YM +S, (28)

£ -transport equation:

0 0 —) O 0 2
a(pg)_'-&(pgui ): _l:[ﬂ+ija_g:|+(:1g E(Gk +C3£Gb)_C2£pg?+ Sg (29)

i ]
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K’ oo 0
where g =pC,—,  Ge=—putj—=., G, =/,

th OT

.Y, =2paM?,
Pr. ox m = 2peM|

v

C,. =tanh
u

and the model constants in these equations are shown in Table 2.1.

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

Cls C23 C/l O-k 0-6‘
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 Buoyant jet
Buoyant puff
buoyancy or forced plume

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/v, where d is
nozzle diameter and v 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

(U,) 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 (U,,) 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 11.8° or approximately 24° 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.

R(X) = %x (30)

Figure 2.6 A water jet entering from a nozzle into undisturbed tank of water [21]
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plane of
orifice

entrainment
of ambient fluid

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

u(x,r)=u,_, exp(— 5322 J (31)

where u_ (x) 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

2

j,ouzzmrdr:,ou2 4 (32)
0
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where p 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

ey (33)

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

distance from virtual source. In other word, the ratio of U /u,, increases linearly

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

defined as

1 _[uZ;zrdrzuT U (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

° pa pa
= [u2zrdr = =-u__ x* = —dUx 35

© ! 5011791 10 (35)
The volumetric flux is found to increase linearly with distance (x). The entrainment
rate (E) is given by

c_0Q _ mu

- 36
dx 10 (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

dQ =vdA (37)
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where v is transverse velocity feeding the entrainment and dA is lateral area of this
section of jet (dA = 2zRdx). Substitution of lateral area and substitution of R in term

of x yields
—=27RV=—— 38
5 (38)

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

y= U9 U 00 (39)
4x 20

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 (11-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 0.32495 nm

c 0.52069 nm

cla 1.602 (ideal hexagonal structure is 1.633)
Density 5.606 g/cm®
Melting point 1975 °C
Thermal conductivity 130 W/(m-K)
Linear expansion coefficient (/°C) a: 6.5x10°

c: 3.0x10°°

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 AIN layer using the pulse injection method
at 800 °C. The results was shown that the process parameters in the pulse injection

method, including TMAI supply time (75, ), TMAI partial pressure ( Py, ), and 1st
H, purge time (r,,) had great influence on the crystal quality and surface
morphology. The growth rate, P, , and z,,, should be 1 ML/cycle, 3.91x10™* 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. TMAI partial pressure should be 3.91x10™* mbar to realize the best
quality of AIN layer. Therefore, it can be concluded that the pulse injection method is
very effective in achieving high-purity and high-quality AIN layer at temperature of
800 °C.

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

0Xygen 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 vyield 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 Il

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.

650

!
=

N; and Zn vapor =iAir
-

= .
} Nitrogen Pulse

- S
= Nitrogen
. L

1]

Figure 3.2 Calculation domain

42

27
D

277 7417
[

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 1.532
Nitrogen 0.628
Nitrogen and Zn vapor 0.166
Nitrogen Pulse Figure 3.4
35
30
@ 25
gf 20
2
g 15
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5
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o 1 2 3 4 5 6 7 8 9 10 11
Time, ()

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:

ALY o (40)
ox oy



momentum equation in x-direction:
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momentum equation in y-direction:
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energy equation:

Cpﬂt

where kK =k +

k-transport equation:

0 0
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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.

Zn+%02&>2no(g) (45)

The reaction rate of this reaction can be expressed as the following relation.

Iz =Tz = ko[zn][oz]l/2 (46)
8
ko = 8.0x108exp[— %}m” -mol™*? .57 (47)

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

START

4

Solid modeling

shown in Figure 3.6.

4

Grid generation

A

4

Calculation

NO

Grid
independent
solutions

Figure 3.6 Investigation procedure of grid independent solution
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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 (Xpuise) @ shown in Figure 3.7.

N A TJI 7 A

= l }

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

Velocity, (m/s)

Feed

Re=315 Re=630
Air 1.532 3.064
Nitrogen 0.628 0.628
Nitrogen and Zn vapor 0.166 0.166
Nitrogen Pulse Figure 3.4 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

Velocity, (m/s)

Feed

Pulse Continuous
Air 1.532 1.532
Nitrogen 0.628 0.628
Nitrogen and Zn vapor 0.166 0.166
Nitrogen Pulse Figure 3.4 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

Velocity, (m/s)

Feed

Co-current Cross current
Air 1.532 1.126
Nitrogen 0.628 0.628
Nitrogen and Zn vapor 0.166 0.166

Nitrogen Pulse 1.258 1.533
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CHAPTER IV

RESULTS AND DISCUSSION

4.1 Investigation of grid independent solutions

In this part, the reactor with Xpuse 0f 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.

B

N

Upstream zone Reaction zone Outlet zone

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.

S

e e S S ST .

S

Figure 4.3 Grid generation of the model with Xpuise €qual to 2.5 cm
and grid size varied from: (a) 0.5, (b) 0.25, (c) 0.1, and (d) 0.09 mm



38

Table 4.1 Grid quality and grid quantity for different grid size

Size Grid quality Grid quantity
(mm) Minimum Orthogonal ~ Maximum Aspect Ratio Cells Nodes
0.5 7.08 x10™ 10 22,380 23,184
0.25 7.07x10* 20 78,577 79,920
0.1 7.07x10* 50 452,994 455,963
0.09 7.07x10" 55 553,627 556,894

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

Simulation yield of zinc oxide (%0)

Experimental yield of zinc oxide (%)
05mm 025mm 0.1mm 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 VValidation 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*puse) Was introduced. The
dimensionless x*,use Was defined as the ratio of the distance between the exit of air
feed and the center of nitrogen pulse injection position (Xpusse), (i-e., 0.5, 2.5, and 5.5
cm) to 0.3 cm air feed tube diameter (d.). 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].



40

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

Table 4.3 Grid quality and grid quantity for different X*puise

Grid quality Grid quantity
X*pulse
Minimum Orthogonal ~ Maximum Aspect Ratio Cells Nodes
1.67 7.07x10" 50 437,992 441,162
8.33 7.07x10™ 50 452,994 455,963

18.33 7.07x10" 50 472,286 474,956
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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*puse of 1.67, 8.33, and 18.33 were 0.375,
4, and 0.5, respectively. The constant B for x*pys 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*puse, 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*,use. Figure 4.7 shows contours of

velocity and mass fraction of zinc oxide for different x*,yise at t=11.1s.
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Figure 4.6 Comparison between simulated yields of zinc oxide and experimental data

for different X*puise
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Figure 4.7 The contours of velocity for x*pus of: (a) 1.67, (b) 8.33, and (c) 18.33 and
the mass fraction of zinc oxide contours for X*pyse 0f: (d) 1.67, (e) 8.33, and (f) 18.33

att=11.1s
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The contours of velocity, mass fraction of zinc oxide and temperature for X*pyise Of

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

(a)

1.89 2.37

7 2.84 3.15
W) ;.

1.42
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(b)

(x102)

L (¢)

8.44 9.20 9.95 10.50
(x10°K)

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

and (c) temperature, for X*pyise 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*pyisc 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 Xx*puise

X*pulse Experimental yield (%) Simulated yield (%) % error
1.67 19.82 19.53 1.46
8.33 32.24 31.38 2.69
18.33 29 28.87 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*puse 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 (Re_ ), including

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

Re,, of 630. Here, Reynolds number of air jet can be defined as Re,, =Ud,, /v

air ?
U is average air exit velocity, dq is air feed tube diameter, and v, 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) Rex=315 and (b) Re,=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
(V). The cross-sectional axial velocity distributions of air jet at different x*,;; showed
that the ZFE region were observed to disappear at x*, of 4 as shown in Figure 4.11.
The dimensionless x*,; can be defined as the ratio of longitudinal distance from air

exit (x) to air feed tube diameter (da).



x* =833
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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/d,;;) for different x*,
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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*,ir 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*vey of 8.33 and 5, respectively. The dimensionless distance of
maximum entrainment velocity position (X*wey) can be defined as the ratio of
the position with the maximum entrainment velocity (xmey) to air feed tube

diameter (dair).
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Figure 4.12 Entrainment velocity along X*

The yields of zinc oxide for air Reynolds number of 630 with six
different pulse injection positions (X*puise), 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 1) was referred to the same positions in validation case, including 1.67, 8.33,
and 18.33. The second group (Group Il), 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*use) to the dimensionless
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distance of the maximum entrainment velocity position (x*wveyv) 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.

(a)

(b

m

Figure 4.13 Grid generation of the model for x*pyise Of: (8) 1, (b) 1.67, (c) 5, (d) 8.33,
(e) 11, and (f) 18.33



Figure 4.13 (continued)

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

Grid quality Grid quantity
X*pulse
Minimum Orthogonal ~ Maximum Aspect Ratio Cells Nodes

1 7.07x10* 52 436,899 440,089
1.67 7.07x10* 50 437,992 441,162
5 7.07x10* 50 445408 448,478
8.33 7.07x10* 50 452,994 455,963
11 7.07x10* 50 458,114 461,003
18.33 7.07x10* 50 472,286 474,956




o1

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*puse Of 5, at which the maximum

entrainment velocity was observed.
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Figure 4.14 Simulated yields of zinc oxide for two different groups (Re,;, =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*pyse Of 8.33 and 5, respectively.

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

Re,, =315 Group | Group Il
X*pulse
X* yield (%) X* yield (%) X* yield (%)

1 - - - - 0.2 20.24
1.67 0.2 19.53 0.33 22.93 - -

5 - - - - 1 32.69
8.33 1 31.38 1.67 31.71 - -

11 - - - - 2.2 30.07

18.33 2.2 28.87 3.67 28.58 - -
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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.
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Figure 4.15 Inlet nitrogen velocity for two different pulse characteristics

The effect of pulse characteristic was obtained for different pulse
injection position (X*puise), 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*pus 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*p,ise 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*pyse 0f 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

Simulated yields (%)

X*pulse
Pulse Continuous
1.67 19.53 29.11
8.33 31.38 38.19
18.33 28.87 37.27

The comparison of zinc oxide yields showed that the yields of
continuous injection was greater than the pulse injection for every X*pyse, 1.€. an
increase of 49.1%, 21.7%, and 29.1% at X*,use 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

)

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

k:%(u7+\—/z+w’2

expressed as
1 —— —_—
k=={u"?+v"?
S7+v)

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 vyields 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*puise), 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*puse Of 8.33 at t=11.1s and t=19s are shown in Figure 4.17 and
Figure 4.19, respectively.

11.1s 19s

(x10?)

(g)

(m?/s?)

6.93 : 8.44 ; 9.95 10.50
- Fm

(x10°K)

Figure 4.19 The contours of cross current with x*puse 0f 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 Xx*,use 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*,us. In addition, the turbulent
kinetic energy of co-current was slightly higher than cross current for every X*puise.
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

Simulated yields (%)

X*
pulse

Co-current Cross current
1.67 29.11 28.64
8.33 38.19 38.19

18.33 37.27 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:

e 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.

e 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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e 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 tfl;

real t = CURRENT_TIME;

begin_f_loop(f1,thread)

{
real tmod1l =1t - (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(fl,thread)



APPENDIX B
C-CODE OF TEMPERATURE PROFILE

#include "udf.h"
DEFINE_PROFILE(temp_wall,thread,position)
{
real r[3];
real x;
face tf3;
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.

a; ;U =Zanbunb +(p|—l,J — P )AIJ +b; (C-1)

a Vhj = Zanbvnb Jr(pl,H —Pis )Al,j +Dy | (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

ai,Jui*,J = zanbu;b 1 (IOT_LJ D2 pT,J )AIJ +bi,J (C'S)
al,jvr,j = zanbv:b "'(pT,J—l = IOT,J )Al,j + bl,j (C-4)

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

p=p-p (C-5a)
u'=u-u (C-5b)
Vi=v-Vv (C-5¢)

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).

a; U, = Zanbu:lb + (p;—l,J - Py, )AIJ (C-6)

a, Vi ; :Zanbvr’m_'_(p;,\]—l_ Pis )Al,j (C-7)
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Approximating equations (C-6) and (C-7) by eliminate Zanbu;b and

Zanbv;b . Equations (C-6) and (C-7) become

uj, =d;, (P, — piy) (C-8)

Vij :dl,j(p;,J—l_ pI,,J) (C-9)
_ A
where d; Ay and d, ; =—=
Y ai,J ’ a|,j

Substituting equations (C-8) and (C-9) into equations (C-5b) and (C-5¢),
respectively. Then, rearranging the results to yield equations (C-10) and (C-11).

U, = ui*,.] +d, (p;—l,J 77 p;,.]) (C-10)
Vi ZVT,J- +dl,j(p;,J—l A pl,,\]) (C-11)
Similar expressions exist for u,,; ; and v, ;!
Uiy = ui*+1,J +di+1,J (p:,J == p:+1,J) (C-12)
Vija = Vf,m +d|,j+1(p;,J = pI',J+l) (C-13)
' A .
where d,,, ; = ALERP dy g =—0
i+1,J I, j+1

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

is given by
((pUA)i+1,J - (pUA)i,J )+ ((p‘/A)I,j+1 - (p‘/A)I,j ): 0 (C'14)

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

equation.
a'I,J p;,J = aI+1,.] p;+l,J + aI—l,.] p:—l,.] + aI,.]-*—:I_ pI',J+1 + a'I,J—l pI,,J—l + bl,,.J (C-15)

where a, , =a,,,, +a, 4, +8, ,,, +, ;,, 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
a1, (odA)..
a1, (pdA);,
5.1 (pdA), ;.1
&, (pdA), |
by s (PU*A)LJ _(pU*A)m,J +(pv*A),yj _(p‘/*A)LHl

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

p =p,u =uand Vv =v.

The pressure correction is susceptible to divergence unless some under-
relaxation is used during the iterative process and new, improved, pressure p"™" are

obtained with
p" =p +a,p’ (C-16)

where « ; 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.

( sTART )

Initial guess p*, u*, v*, ¢*

Y

|

STEP 1: Solve discretised momentum equations

&8,y Uy = ZapUns+ (Pl = Py A+ by

ayviy = T anV st (P';,m -pi) AL+ b,

u*, v*
y

STEP 2: Solve pressure correction equation

8y Ply= 8y Pl + 8ray Play + 8yuca Pl + 8sa Pl + bl

4

y

STEP 3: Correct pressure and velocities

Set P =P+ Pl
- *
e* __5':* __: Uy = Uiy + diy (Plers = D)
: Viy =Viy+ dy (Pl = P1)

p, u, v, o*
i

STEP 4: Solve all other discretised transport equations

A 8101 = 8 sPra,y + 81O+ 8 Pracs + 801 G + Dy

No
= Convergence?

Figure C.1 The SIMPLE algorithm
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