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CHAPTER |

INTRODUCTION

1.1 Background and Motivation

Recently an interest in zinc oxide (ZnO) and its nanostructures has grown
exponentially, as proved by an increasing number of ZnO-related literatures. ZnO is
an oxide semiconductor with a wide direct band gap (3.3 eV) with high prospects in
optoelectronics, especially because of its high excision binding energy (60 meV) [1].
Accordingly, ZnO is an important electronic and photonic material which could be
used for UV light-emitters, gas sensors and acoustic wave devices. Recently, ZnO
nanoparticles have attracted considerable attention due to their unique physical
properties caused by the nanosized effect. Several studies have been conducted on
their synthesis and structural property characterization. A number of methods are used
for ZnO synthesis such as sol-gel, chemical vapor deposition and gas-phase reaction.
Among these methods gas-phase reaction is advantageous because it can operate as
a continuous process with high volume production and shorter amount of time. Lower
unit cost, reduced need for apparatuses and energy savings can be achieved through
automation and reduction of unnecessary labor. Besides, there is high yield and purity
of the products. Moreover, gas-phase reaction was simple, low cost and reduced need

for apparatuses [2]. However the investigation procedure of the influences from many



parameters is still not efficient enough due to the limitations of cost, time and
technology. In this work focused on the ZnO synthesis using gas—phase reaction
because this method widely used for simple operation and equipment which has
made this method attractive for preliminary experimental trials carried out to study
the behavior. In addition this method still lack of investigate about parameters that

affect to yield of ZnO

Computational fluid dynamics simulation is a technical tool which uses
numerical methods and algorithms to simulate and analyze problems that involve
with fluid flow. The technique is very powerful and covers a wide range of industrial
and non-industrial applications [3]. Some examples are fluidized bed combustion and
gasification [4], industrial and environmental applications [5], heat exchangers design
[6]. However, it is only in the recent decade that CFD has been applied to design and
analysis of zinc oxide synthesis due to CFD is helping to generate cost saving in process.
It give process of ZnO synthesis more complete understanding of the internal
operation of reactor. The process of synthesis of zinc oxide investigation would be
significantly enhanced if the integration of CFD and experiments is much developed.
In particular, the design and reliability of experiments could be significantly enhanced
by CFD [7]. This trend would be possible by the progress in CFD algorithms and the
availability of ever more powerful affordable computers. It is well recognized that ZnO

synthesis process involves complicated physical-chemical phenomena, such as


https://vpn.chula.ac.th/+CSCO+ch756767633A2F2F6A6A6A2E667076726170727176657270672E70627A++/science/article/pii/S135943111200823X
https://vpn.chula.ac.th/+CSCO+ch756767633A2F2F6A6A6A2E667076726170727176657270672E70627A++/science/article/pii/S135943111200823X
https://vpn.chula.ac.th/+CSCO+ch756767633A2F2F6A6A6A2E667076726170727176657270672E70627A++/science/article/pii/S135943111200823X
https://vpn.chula.ac.th/+CSCO+ch756767633A2F2F6A6A6A2E667076726170727176657270672E70627A++/science/article/pii/S0167610599000070

turbulence, oxidation, and so on. Mathematical modeling using CFD is an attractive
method to help the understanding of hydrodynamics and heat transfer phenomena
inside the reactor. In many cases, the investigations have been conducted in 2D

because of lack of computer power.

CFD have a many application in 3D, for example particle suspension in a stirred
tank [8], circulating fluidized bed boiler [9] and bubble column reactors [10]. Generally,
results from 3D simulations do show an improvement in accuracy. Although 3D system
consumes resources and time more than 2D system, the benefits of using CFD in 3D
of various applications have already been used while zinc oxide synthesis emptying

processes have not yet been studied in terms of CFD simulations in 3D.

At the present time due to the experimental limitation of ZnO synthesis such
as cost, time, material and equipment, the combining of CFD simulation with
experiment allows understanding phenomena occured in the reactor and enhancing

effective to synthesize ZnO.

The objective of this study was to employ CFD simulation technique to
investigate the effect of operating nitrogen flow rate and temperature on the yield of

Zn0O synthesis by gas-phase reaction


https://vpn.chula.ac.th/+CSCO+ch756767633A2F2F6A6A6A2E667076726170727176657270672E70627A++/science/article/pii/S167420011200065X
https://vpn.chula.ac.th/+CSCO+ch756767633A2F2F6A6A6A2E667076726170727176657270672E70627A++/science/article/pii/S167420011200065X
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1.2 Objectives of the Research

To employ CFD simulation technique to investigate effect of operating

temperature and nitrogen gas flow rate on zinc oxide synthesis using gas-phase reaction

1.3 Scope of the Research
1.3.1  Conduct survey to collect data of model of zinc oxide

synthesis using gas phase reaction

1.3.2 Develop a suitable 3D and 2D CFD model to study fluid flow

phenomena of zinc oxide synthesis using gas phase reaction

1.3.3  Validate model for zinc oxide synthesis using gas phase reaction

and compare the results between 3D and 2D

1.3.4  Employ validated 3D model to investigate the effect of Gas

flow rate and temperature on zinc oxide synthesis out of the
range employed in previous experiments

- Effect of temperature between 650 °C and 1,200 °C

- Effect of nitrogen flow rate between 0.05 lit/min and 4 lit/mi



- CHAPTERII

- THEORY AND LITERATURE REVIEW

2.1 Zinc oxide

2.1.1 Properties of zinc oxide

Zinc oxide is an inorganic compound with the formula ZnO. ZnO is a white
powder shows in Figure 2.1. It is widely used as an additive in numerous materials and
products and is insoluble in water. The ZnO structures are hexagonal which is shown
in Figure 2.2. In materials science, ZnO is a wide-bandgap of the II-VI semiconductor
group at room temperature and a large free-exciton binding energy. The typical

properties of zinc oxide are shown in the Table2.1.

\J

- Figure2.1 Zinc Oxide powders
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Figure2.2 Zinc Oxide Structure

Table2.1 Typical properties of zinc oxide

Properties Value
Band Gap Energy 33eV
Exciton binding Energy 60 meV
Molecular weight 81.38
Density 5.67 g/cm’
Melting point 1975°C
Thermal conductivity 130 W/m.K

2.2 Synthesis of zinc oxide

Several approaches are presently being investigated to synthesize ZnO
nanopowders, such as chemical vapor deposition [1], hydrothermal treatment [2], and

gas-phase reaction [3]. From alternative several techniques, gas-phase reaction has



enjoyed increasing interest because of the following advantages i) gas-phase reaction
can usually be better controlled because of the convenient way in which the reactants
are supplied and mixed ii) the composition of the environment is better controlled so
that contamination is reduce, iii) rate of reaction and react mechanism are conveniently
controlled by the temperature of the substrate and of the reacting gases [4] Usually,

commercial ZnO particles could be synthesized by two methods as following.

2.2.1 French process

Metallic zinc is melted in a graphite crucible and vaporized at temperatures
above 907 °C. Zinc vapor reacts with the oxygen in the air to give ZnO, accompanied
by a drop in its temperature and bright luminescence. Zinc oxide particles are
transported into a cooling duct and collected in a bag house. This indirect method
was popularized by LeClaire (France) in 1844 and therefore is commonly known as the
French process. Its product normally consists of agglomerated zinc oxide particles with
an average size of 0.1 to a few micrometers. By weight, most of the world's zinc oxide

is manufactured via French process [5].

2.2.2 American process

An American process for zinc oxide production from oxidized ore was
developed in 1851. American- process zinc oxide, also is commonly called “direct
ZnO”, result from the reduction by coal, and the products of partial combustion,

particularly carbon monoxide, of oxidized zinciferous materials to produce zinc vapour.



The zinc vapour is subsequently oxidized. In the early stages, raw materials were zinc
ores or roasted zinc sulfide. Nowadays the industry mostly uses technical grade oxides
obtained from fine fraction of brass ashes. American process zinc oxides are particularly

well suited for paint, ceramic and rubber industry[6].

2.2.3 ZnO synthesizing reaction

Chemical reactions of the ZnO synthesis is the heart of process, making
possible the achievement of its ultimate goals, which include synthesizing materials
with desired properties. Ordinary reaction of zinc oxide synthesis using Gas-phase

reaction to be form [7]

Zn +%O2 — Zn0O

The global reaction rate can be described as follows:

=k, exp(_R—ff‘j[Zn][Oz]“z (1)

Here [Zn] is the reactant concentration, [02] the oxidant concentration, t the reactor

residence time. £a, k and ko represent the activation energy, reaction rate constant

and the Arrhenius constant specific for the reaction, respectively

1
— I, =Tz0 =K[Zn][0,]? (2)



Reuge et al.(2009) employed Eq. (1) for the CFD simulation of ZnO particle
formation in parallel flow and cross flow reactor[8]. They adopted the activation energy

reported by Garcia et al.(2005) and determined the frequency factor as:

7
k, =8x107° exp(— 12.9>x10° J

RT

Since the change in the oxidant concentration throughout the reaction was
assumed insignificant because of the excess oxygen concentration, the global reaction
rate can be considered to be a pseudo-first-order reaction with respect to the Zn

concentration, assuming a zero order for oxygen concentration [21]

2.3 Computational Fluid Dynamics (CFD)

Computational fluid dynamics, usually abbreviated as CFD, is a branch of fluid
mechanics that uses numerical methods and algorithms to solve and analyze
problems that involve fluid flows, heat transfer and associated phenomena such as
chemical reactions by means of computer-based simulation. Flows and related
phenomena can be described by partial differential equation. To obtain an
approximately differential equations by a system of algebraic equations, which can be
solved on a computer. The approximates are applied to small domains in space and
time so the numerical solution provides results at discrete locations in space and time

[9].


http://en.wikipedia.org/wiki/Fluid_mechanics
http://en.wikipedia.org/wiki/Fluid_mechanics
http://en.wikipedia.org/wiki/Numerical_methods
http://en.wikipedia.org/wiki/Algorithms
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2.3.1 CFD processing

In general, CFD contains three main elements which represent as the follows:

Pre-processor [10]

All the tasks that take place before the numerical solution process are called

pre-processing. This includes

Definition of the geometry of the region of interest
® Mesh of calculation domain and generation of a computational model
® Selection of the physical and chemical phenomena that need to be modeled

® Definition of fluid properties, Specification of appropriate boundary conditions

Solver

Processing involves using a computer to solve mathematical equations of fluid
flow. Once the meshing is completed, the model input values should be specified and
then the software can solve the equations of state for each cell until an acceptable
convergence is achieved. This is a very intensive process and usually it requires the
computer to solve many thousands of equations. In each case, the equations are
integrated and the boundary conditions are applied to it. This is known as equation

discretisation and applied to each individual cell of the mesh. The process is repeated
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in an iterative manner until a required accuracy is achieved. This step can be a time-
consuming process and although it is the core of any CFD software package, little of

its operation can be seen.

Post-processor

The post-processing program is used to make evaluation of the data
generated by the CFD analysis. When the model has been solved, the results can be
analyzed both numerically and graphically. Post-processing tools of the powerful CFD
software can create visualisation ranging from simple 2-D graphs to 3-D
representations. Typical graphs obtained with the post-processor might contain a
section of the mesh together with vector plots of the velocity field or contour plots
of scalar variables such as pressure. In such graphs, colors are used to differentiate
between the different size of the values.

CFD processing can be summarized as a diagram, shown in Figure 2.1.
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Figure2.3 CFD processing diagram

2. 4 Single phase solver option[ 11]

In this work CFD simulation of ZnO synthesis operated as a homogeneous
gas phase so that single phase setting is important to use for model accuracy. Two
main general specifications were applied for overall problem. The solver was
considered to be a Pressure-Based solver which used the Navier-Stokes equations of
continuity to determine velocities based on pressure because only information on inlet

velocities and outlet pressure were supplied.

The material for the single phase simulation was gas phase. Eliptic Boundary
Conditions were required, and these included supplying an inlet mass flow rate being

placed on the whole system. The Solution methods and Controls were kept default
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for single phase flow. By selecting specific monitors, the pressure could be monitored
during solving which helped to avoid premature convergence. Premature convergence
was also avoided by changing the residual constraints. Defining the number of iterations
under Controls made it possible to observe the trends in pressure and pressure drop
during the calculation of a solution, which helped to ensure that a more viable end

result was achieved.

2.5 Governing equations

The derivation of the principle equations of fluid dynamics is based on the
fact that the dynamical behavior of a fluid is determined by the following:
2.5.1 Mass conservation equation or Continuity equation
In order to derive the continuity equation, consider the model of a finite
control volume fixed in space, as sketched in Fig. 2.4. At a point on the control surface,
the flow velocity vector is U the unit normal vector is 7 and dS denotes an elemental
surface area. The conserved quantity in this case is the density designated by p. Body
forces caused by gravity g and acceleration a act on the center of mass of the control

volume. For the time rate of change of the total mass inside the finite volume v
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Figure2.4 control volume

The flow velocity of fluid is defined as U = U+ U+ Wi The unsteady mass

conservation equation or continuity equation of compressible fluid may be written as

op 8 0 P
o0 — 9 (pw)=0
e (pu)+ ay(pV)+ pe (ow) (3)
or
op (4)
P V. (pU)=0
o (pU)

For an incompressible fluid the density (p) is constant and continuity

equation becomes

V-U=0 (5)
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Species transport equation

DLV (upY) = V- (@), +R ©

2.5.2 Momentum equation

The derivation of the momentum equation by recalling the particular form of
Newton's second law which states that the variation of momentum is caused by the
net force acting on a mass element for the momentum of an infinitesimally small

portion of the control volume (see Fig. 2.4)

The momentum equation for a Newtonian fluid may be written as

x-component

or
p@:_@+67m +—= +arZX +S,, ()
Dt OX  OX oy 0z

y-component

or or or
pﬂz_@+ L2 24s, (8)
Dt oy X oy oz

z-component

or
pwz—@+ 0%y 48, O +S,, (9)
Dt 0L  OX oy 0z
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Here, SM is the momentum source term, and p is pressure gradient

viscous stress of fluid are denoted by T.

2.5.3 Energy equation

The first law of thermodynamics is applied in the derivation of the energy
equation. Applied to the control volume displayed in Fig.2.4, it states that any changes
in time of the total energy inside the volume are caused by the rate of work of forces

acting on the volume and by the net heat flux into it. The energy equation becomes

(10)

Dt OX oy ox \ox) oy \oy) oz \oz

L our,) Aur,) aur,)  AWr,)  ove,) aWr,)

OX oy 0z OX oy 0z
o(w
+ a(W‘L-xz) + ( TYZ) + 8(Wz-zz) +SE
OX oy 0z

The specific energy (E) is defined as the sum of internal (thermal) energy,

kinetic energy and potential energy. The property k is thermal conductivity and SE is

energy source term.
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2.5.4 General transport equations [23]

There are significant commonalities among equations (5), (6), (7), (8), (9) and
(10). If we introduce a general variable ® the conservative form of all fluid flow
equations, including equations for scalar quantities, such as temperature and

concentration etc., can usefully be written in the following form

%+V.(p®u)=V.(FV.Cb)+S® (11)

The rate of change term and the convective term on the left hand side and
the diffusive term (I =diffusion coefficient) and the source term respectively on the
right hand side. Equation 8 is used as the starting point for computational procedures
in the finite volume method. By setting ® equal to 1, u, v, w and i and selecting
appropriate values for [ (diffusion coefficient) and source terms, we obtain special
forms for each of the five PDEs for mass, momentum and energy conservation. The
key step of the finite volume method is the integration of equation 10 over a three-

dimensional control volume (CV)
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2.6 Finite volume method [1]

The finite volume method (FVM) is a discretization technique for partial
differential equations, especially those that arise from physical conservation laws. FVM

is in common use for discretizing computational fluid dynamics equations.

The steady convection-diffusion equation can be derived from the

transport

equation for a general property @ by deleting the transient term, the following

form:
V.(p®Du) =V.(TV.D) + S,

The control volume integration, which forms the key step of the finite
volume method that distinguishes it from all other CFD techniques, the following

form:

j V.(pdu)dv = j V.([V.®)dv+ j S, dv

This equation represents the flux balance in a control volume. The left hand
side gives the net convective flux and the right hand side contains the net diffusive

flux and the generation or destruction of the property @ within the control volume
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Finite volume method consists of the following steps

Grid generation

The first step in the finite volume method is to divide the domain into

discrete control volumes

Discretisation

The meshing of the computational domain substitutes the continuous
domain with the partial differential equations describing the flow, by a discrete
problem with finite number of volumes (meshes) where the flow is described by
differential equations. In general the discretisation procedures use structured
(rectangles or parallelepipeds) or unstructured (triangles or tetrahedra) meshing. In this
study structured meshing was used in order to represent the fluid stream of ZnO

synthesis in the tubular reactor and to ensure a good numerical stability [12].

Solution of equations

Discretised equations must be set up at each of the nodal points in order to
solve a problem. The resulting system of linear algebraic equations is then solved to

obtain the distribution of the property @ at nodal points
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2.7 Literature Reviews
2.7.1 Investigation on synthesis of zinc oxide

Charinpanitkul et al. [13] synthesized ZnO nanoparticles using a modified
French process in which oxygen and nitrogen flow rates were controlled. ZnO
nanoparticles synthesized with the lower O2/N2 feed ratio exhibited the uniform
tetrapodal nanostructure with high crystallinity. The increase in the O2 supply would
lead to further growth of tetrapodal ZnO nanoparticles. However, the excessive N2
flow would lead to the shorter residence time of reactive zinc vapor exhibit the
interstitial surface-bound zinc, which preferably enhance the blue PL emitting

characteristics

Charnhattakorn et al. [14] synthesized zinc oxide nanoparticles by the French
process modified with pulsed injection of nitrogen. Nitrogen pulse increases the
reaction between zinc vapor and oxygen in the French process and control oxygen
vacancies within zinc oxide nanocrystals. Characteristics of the pulse, i.e. flowing and
non-flowing period of the gas, pulsing cycle time, and the supplied pressure of the
injected gas influence on the content of oxygen vacancies. The longer nitrogen pulse

could provide higher growth of tetrapod zinc oxide with higher oxygen vacancies.

Hsu et al. [15] investigated the influence of zinc and oxygen supply on the
morphology and optical properties of zinc nanostructures which were synthesized by

gas phase reaction. Zinc and oxygen supply are converted by oxygen gas flow rate and
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the amount of zinc source material under zinc-rich conditions, large diameter changes
from microwhiskers to nanoneeedles are observed, while the samples exhibited strong
green defect emission. Under oxygen-rich conditions, smaller diameter variations are
found, and the emission spectrum is dominated by the UV instead of defect emission.
Moreover, high UV-to-defect emission ratio is obtained from optimal amount of zinc

supply, and further increase in zinc supply resulted in increase of the defect emission.

Shen et al. [16] researched the influences of Zn vapor, oxidization time and
temperature in order to control morphologies of tetrapod ZnO nanocrystals. The
process was separated to be evaporation zone and condensation zone. Tetrapod ZnO
depended on variation of ZnO condensation temperature and time. ZnO tetrapod legs
were synthesized dividing to two types. The first one is uniform hexagonal. The second
one is hierarchical hexagonal. The ZnO vapor was completely formed in thicker part
of leg. The leg morphology of the tetrapod ZnO depended on Zn vapor oxidization
temperature and time. The increase of the thermostatic ZnO condensation time
resulted in the morphology transition of the tetrapod legs from hierarchical hexagonal
(HH) to uniform hexagonal (UH) prism. At higher condensation temperature and longer
condensation time resulted to tetrapod ZnO nanocrystals with uniform hexagonal (UH)

legs.
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2.7.2 Synthesis of zinc oxide using the combination of experiments and

Computational Fluid Dynamics (CFD)

Reuge et al. [17] studied the synthesis of zinc oxide tetrapods from zinc metal
by using a combination of experiments and computational fluid dynamics. 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. Configuration (i.e. parallel
flow/cross flow) affected on Zinc oxide nanorods, but the position of air injection was
not affected. However, the yield of the reaction depended both on the reactor
configurations and on the position of air injection. The combination of the
experimental and simulated results led to better understanding of heat and mass
transfer. Cross flow configurations gave maximum vyield for all tested conditions. 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 that had been

obtained.

Yamamoto et al. [18] generated tetrapod zinc oxide nanoparticles via gas-
phase reaction of Zn vapor and oxygen in air with using flow restrictor. In case flow

restrictor, the leaving sufficient amounts of unreacted Zn vapor formed tetrapod zinc
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oxide. Phenomena inside the reactor were analyzed by computational fluid dynamics.
The simulated results showed the flow restrictor suppresses the mixing and reduced
the residence time in the reactor, so the remaining unreacted Zn vapor allowed the

zinc oxide particles to grow in tetrapod-shape.

2.7.3 CFD with 3D simulation

Ekambara et al. [19] studied flow pattern in bubble column reactors using 1D,
2D and 3D k- € models by using CFD tecghnique. All the models showed good
conform with the experimental data for axial liquid velocity and the fractional gas
hold-up profiles. However, as regards to eddy diffusivity, only the 3-D model
predictions agreed closely with the experimental data. The 1-D, 2-D simulations

overpredicted the values by 20-100% and 50-200%, respectively.

Moroz et al. [20] used intensively 3D simulation in turbine flow path and its
components design. At the same time, whereas unidimensional and axisymmetric
analyses are mostly used in the industry practice. CFD solver tested the data that
obtained from experiments conducted on a single stage air turbine model with the
results of 1D and 2D modeling and 3D simulation for comparision. The results were

analyzed to validate a judgment of the authors that along with 3D CFD methods.
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The experiment of ZnO synthesis have a many restriction such as, cost, time,
equipments and materials. Therefore, some additional tool were needed to be help
for increase effectiveness of process. CFD is a one potential tool for investigation to
help understanding of hydrodynamics and heat transfer phenomena inside the reactor.
At the present, many work still investigated about 2D CFD simulation of ZnO but 3D
simulation have not been investigate. Some previous work lack of species mass
reaction result to the model incomplete enough. This work focused on 3D simulation

for improved the model of ZnO synthesis using gas-phase reaction



CHAPTER 11l

EXPERIMENTAL AND SIMULATION

Objective 1 concerned with develop a suitable model to study the fluid flow
phenomena of ZnO synthesis by gas-phase reaction in a tubular reactor. The modelling
of ZnO synthesis by using gas-phase reaction is a complicated task, due to the
complexity of geometry and chemical phenomena. The challenge presented in this
thesis was to choose a computational fluid dynamics (CFD) program which to simulate

the experimental setup of zinc oxide synthesis by gas-phase reaction

Objective 2 reported the results for the simulations done to validate the
models proposed by compare the simulated results yield of ZnO against the

experimental results

Objective 3 used the results from the simulation to analyse the effect of the
temperature and nitrogen flow rate to affect of ZnO yields. And then examine the
effect of temperature and nitrogen flow rate which affect ZnO yields. Figure 3.1

illustrates the approaches to achieve the specific objectives in this study



Objective

Develop a suitable model to study
the fluid flow phenomena of ZnO

synthesis by gas-phase reaction in
a tubular reactor (Objective 1)

Validate the CFD model
(Objective 2)

Approach

Compare the yield of ZnO from
the CFD model and the
experiment
(Section 3.5)

Numerical simulation of the

system using commercial CFD
software. (Section 3.3 — 3.4)

the CFD model (Objective 3)

Conduct a parametric study using

Investigate the influences of
temperature and nitrogen gas

¥

flow rate on the yield of ZnO
(Section 3.6)

Figure3.1 Flow diagram of objectives and related approaches
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3.1 Material

Zinc dross was supplied by Foseco (Thailand) Co.Ltd as shown in Figure 3.2.
raw material. The purity of Zinc in zinc dross is 99.999%. Figure 3.3 shows ZnO which
was synthesized by gas phase reaction. The Zn particles were evaporated at 800 °C.
Nitrogen were used in the reaction as a carrier gas. Nitrogen gases and nitrogen-oxygen

mixture were controlled flow rate at 2.0 /min and 0.1325 |/min respectively .

Figure3.2 zinc dross supplied by FOSECO (Thailand)

Figure3.3 ZnO
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3.2 Experimental procedure. [21]

ZnO particle were fabricated in a horizontal quartz tube furnace by gas phase
reaction without catalyst. The quartz tube reactor was 120 cm in length 5.2 cm in
diameter, and a porous ceramic tube, used as the inner tube, was with a length of 60
cm and a diameter of 3.6 cm. The electrical furnace was 30 cm in length. The Zn
particle 4 ¢ was loaded onto alumina boat in porous ceramic. Nitrogen was used as
carrier gas. Then flow of nitrogen and oxygen gas mixture was used as reactant at
0.1325 /min at the temperature of reaction from 920 °C. When the reactor was heated
until 800 °C by the first electrical furnace the boat was moved into the reactor. The
temperature for reaction was controlled by the second electrical furnace. After the
growth process, the furnaces were allowed to cool down to ambient temperature. The
Zn0 particles deposited on quartz tube. After that the ZnO particle were characterized

by scanning electronmicroscope (SEM).

3.3 Model setup
3.3.1 Modeling of zinc oxide reactor

The computational geometry of the tubular reactor was set up based on the
experiments but choose the interesting region for model setup as shown in red frame
in Fig. 3.4. The reactor consisted of a quartz tube, which was used as the outer tube,
with a length of 30 cm and a diameter of 4.6 cm, and a porous ceramic tube, used as

the inner tube, with a length of 5 cm and a diameter 3.6 cm. The reactor was equipped
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with an axial tube at the upstream of the reactor for the delivery of air feed in quartz

tube and nitrogen carrier gas in porous ceramic tube to the reactor.

120 cm
30cm
i 4 5
1 ""‘-----..‘i I
1 | o
2 . — 3 1 | | =
’4‘- I | I | [ | —
} 30 cm
|
f —
60 cm /O\
|
60 cm é -6-

Figure3.4 Schematic diagram of experimental set-up (1) O/ N2 mixture feed, (2) N,
feed, (3) zinc powder loaded in aluminum boat, (4) electrical furnace for evaporation

zone, (5) electrical furnace for reaction zone, (6) filter for particles collectors

(7) vacuum pump

A drawing of the computational physical domain considered to be two-
dimensional and three-dimensional, as shown in Figure 3.5 and Figure 3.6 respectively.
The first step of simulation was to generat the grids or cells, the model-geometry was
divided into discrete control volume, That was the most important step after the
definition of the domain geometry. The calculation domain and grid generation for
two-dimensional and three-dimensional geometry was done by GAMBIT, as shown in
Figure 3.7 and Figure 3.8 respectively. The quad mesh elements were used for the

simulation. In addition, very fine meshes were applied in the area of rapid changes of
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the reaction rates. The 2D configuration (case (a)) required about 24,890 cells and the

3D configuration (case (b)) more than 200,000 cells.

300 mm

':>| N and 02, Vi = 0,003 m's :
i
_ )

N2and Znvapor |:> . P=0 /:23 .
Vanisturs=0.047 m's 15 mm i

50mm

Figure3.5 2-D Simulation domain and its boundary condition

02/ N2 mixture, VO2 / N2 mixture = 0.003 m/s

\ et !
N2 and Zn vapor

Vmixture= 0.047 m/s P=

Figure3.6 3-D Simulation domain and its boundary condition

Figure3.7 Gird generation in 2-D simulation domain
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Figure3.8 Gird generation in 3-D simulation domain

3.3.2 Boundary conditions

The boundary conditions of this simulation for the two-dimensional CFD
models and three-dimensional CFD models were set similar to the experimental. The
reactor inlet boundary condition was assumed as a velocity inlet and the outlet
boundary condition was specified as a pressure outlet with zero gauge pressure. In
addition, the temperature variation inside the along tube of reactor was operated with
a user-defined functions (UDF) as shown in appendix A. The inlet gas velocities are

shown in Table 3.1.

Table3.1Inlet gas velocities

Feed Velocity, (m/s)

Air 0.003

Nitrogen and Zn vapor 0.047
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3.3.3 Assumptions of the model

The flow was considered to be incompressible ideal gas. The homogeneous
gas phase reaction was only considered. Furthermore, when the velocity was 0.003
m/s, the Reynolds numbers was about 96. This indicated that the flow in the reactor
was laminar. The governing equations were solved iteratively by using FLUENT, which
base on the Finite Volume Method (FVM). The coupling of pressure and velocity were
solved by using SIMPLE algorithm [22]. Second order upwind scheme was applied to

calculate momentum, energy, and gas species.

3.4 Investigation of grid independence solutions

Grid-independenc means calculate results change so little along with a denser
or looser grid that the truncation error can be ignored in numerical simulation. The grid
is independent directly influences the truncation error and opearating time of
numerical results. The previous research reveals that the grid resolution have a very
great effect on the results of numerical simulation in a certain range [23]. Grid
independent is the term used to describe the improvement of results by using
successively smaller cell sizes for the calculations. A calculation should approach the
correct answer as the mesh becomes finer, hence the term grid independent. The
normal CFD technique is to start with a coarse mesh and gradually refine it until the
changes observed in the results are smaller than a pre-defined acceptable error. In this

work grid independent was carried out to investigate the effect of grid resolution on
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the the prediction of CFD simulation of the transport phenomena inside the tubular

reactor [24]

3.5 Validation of the model

Model validation is methodology for the development of computational ZnO
synthesis using gas-phase reaction model that can be used to predicted yield of ZnO
for reduce the time, cost, and risk associated with experimental of ZnO synthesis. The
ZnO nanoparticle synthesis using gas-phase reaction in a tubular reactor was simulated
using CFD technique. The species mass transport equations with laminar finite reaction
rate were employed to calculate total mass of ZnO. The calculation procedure is
shown in Fig 3.9. The simulation results of three different temperature, including 920°C,
950°C, and 1100°C, were validated by comparing with the experimental results. The
boundary conditions (i.e., mass flow rate, temperature and mass fraction) in all

simulations were setup corresponding to those in the experiments

Initialize
Solve momentum
v
Begin loop »  Solver >
- Solve mass continuity
update velocity
Exit 1 . Check v
xit loop [* )
P converge Solve energy.
4
Updat_e — Solve species
properties

Figure3 9 Flowchart Fluent solver algorithms
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3.6 Simulation of synthesis parameters which affect the yield of zinc oxide
The effect of N, flow rate and temperature were investigated out of the range
employed in previous experiments. The investigation of this simulation was separated

into two parts as follow.

3.6.1 Effect of nitrogen feed on zinc oxide yield

In this part, the effect of different nitrogen flow rate on ZnO yields was

investigated by varying N2 flow rate between 0.05 lit/min and 4 lit/min

3.6.2 Effect of temperature on zinc oxide yield

In this part, the effect of reaction temperature on ZnO yields was investigated
at the temperature range of 650 °C - 1200 °C, including temperature which was the

same value as that in the validation cas
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CHAPTER IV

RESULTS AND DISCUSSION

4.1 Investigation of grid independent solutions

In this part, the reactor with was only modeled to examine ¢rid independent
solutions. All models were done by GAMBIT. The geometry of 2D and 3D were
separated into two parts, including upstream zone and reaction zone as shown in
Figure 4.1 and Figure 4.2. Grid generation of all models was controlled to be quad cell
and very dense in the region of the rapid change. The ¢rid generated at different grid
resolutions as shown in Figure 4.3 and Figure 4.4. The goal is to obtain a grid-
independent solution so that the models can be evaluated. The changes in the yields
of ZnO at the grid resolution is in good agreement with experimental results. The
results were converged by looking at residual values. It must be ensure that the
solution is also independent of the mesh resolution, so that the next time a similar
problem can apply the same mesh sizing. The normal CFD technique is to start with a
coarse mesh and gradually refine it until the changes observed in the results are

smaller than a pre-defined acceptable error

L

Upsteam zone Reaction zone

Figured.1 Geometry of the model for two-dimension
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Upsteam zone Reaction zone

Figured.2 Geometry of the model for three-dimension

Figured.3 Grid generation of the model for two-dimension
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Figured.d Grid generation of the model for three-dimension

In this study, the resolution of 2-D structured grids was varied from coarse grid
(number of grids = 10089), medium grid (number of grids = 24,489), fine grid (number
of grids = 41,000), and to very fine grid (number of grids = 85,675). The information of

grid quality and grid quantity is shown in Table 4.1.
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Figured.5 Grid generation of the 2D model with grid number varied from

(b) 24489, (c) 41,000, and (d) 85,675
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Tabled.1 Grid quality and grid quantity for different grid number for 2D model

Cells  Operating time Grid quality
(hour) Minimum Orthogonal Maximum Aspect Ratio
10,089 0.3 8.94 x10™ 10
24,489 0.5 8.94 x10* 12
41,000 1.5 8.94 x10* 17
85,675 3 8.94 x10 30
70
69 -+
*
- b8 - L 4
<67 - *
d 66
ﬁ 65 -+
S 64 -
_% 63 -
5= 62 -
61 -
60 T T T T
0 20,000 40,000 60,000 80,000 100,000

Grid number

Figured.6 2-D model for calculated ZnO yields as a function

of number of grids.

For 2D model ,Fig 4.6 shows the deviation of the ZnO yields due to the
variation of the grid resolution. The highest deviation of the predicted ZnO yields was
found when the grid resolution was 10,089 (i.e., coarse grid). When the grid resolution

was within the range of 24,489-85,675, the predicted ZnO yields was slightly changed
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and became nearly constant. The difference between the predicted values of ZnO
yields at the erid resolution of 24,489 and 85,675 was 14.1% and that at the resolution
of 2,448%and 85,675 was 2.1%. As a result, the grid resolution of 24,489 was applied in

this study.
In this study, the resolution of 3-D structured grids was varied from coarse grid
(number of grids = 87,000), medium grid (number of grids = 270,000), fine grid (number

of grids = 696,000), and to very fine grid (number of grids = 823,000). The information

of grid quality and grid quantity is shown in Table 4.2.



Figured.7 Grid generation of the 3D model with grid number varied from: 87,000,
(b) 270,000, (c) 696,000, and (d) 823,000
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Tabled.2 Grid quality and grid quantity for different grid size for 3D model

Grid quali
Cells Operating time quallty
Minimum
(hour) Maximum Aspect Ratio
Orthogonal

87,000 1.3 7.69 x10! 11
270,000 4.2 7.60 x10! 20
696,000 75 7.41 x107" 30
823,000 13 7.69 x10* 55

72

'S L 4
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et
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ks
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i
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60 T T T T T T T

0 100,000 200,000 300,000 400,000 500,000 600,000 700,000 800,000 900,000

Grid number

Figured.8 3-D model for calculated ZnO yields as a function of number of grids

For 3D model, Figure 4.8 shows the deviation of the ZnO yields due to the

variation of the grid resolution. The highest deviation of the predicted ZnO yields was
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found when the grid resolution was 87,000 (i.e., coarse grid). When the grid resolution
was within the range of 87,000 - 823,000, the predicted ZnO yields was slightly changed
and became nearly constant. The difference between the predicted values of ZnO
yields at the g¢rid resolution of 87,000 and 823,000 was 14.3% and that at the resolution
of 270,000 and 823,000was 1.68%. As a result, the ¢rid resolution of 270,000 was

applied in this study

The grid resolution have a great effect on the results of numerical simulation
in a certain range. When considering grid-independent, a very dense grid can avoid this
problem but the calculational resource may be wasted unnecessarily. From the results
shown in Fig 4.6, Fig 4.8 and Table 4.1, Table 4.2, as the grid is increased ,the results
more become accurate. Choose minimum grid for error acceptable that the numerical
results change slightly and become nearly constant. Grid independent can save
computational resource and time operating while ensuring a rational computational
result. The truncation error caused by g¢rid resolution is defined as the difference

between the grid independent result @; e egene @and current numerical result @ :

e =0 ) (11)

independent ~

According to previous studies, truncation error will become smaller and

smaller by refining computational grid [25]
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4.2 Validation of the model

CFD technique based on a three-dimensional (3-D) and axisymmetric two-
dimensional (2-D) domain, non-isothermal model was employed for simulating ZnO
synthesis using modified French method in a tubular reactor. The species mass
transport equations with laminar finite reaction rate were employed to calculate yields
of ZnO. The simulated results were validated by comparing with the experimental
results. The boundary conditions (i.e., mass flow rate, temperature and mass fraction)
in all simulations were setup corresponding to those in the experiments. The result of
ZnO vyield is presented in Figure 4.9 and the temperature profile is shown in Figure

4.10

The CFD model has been already validated in terms of yield of ZnO, for
different operating conditions. Validation is an indication that the model predictions

are valid and achieve



Temperature (K")

a5

100.0000
L 4
[ |
_80.0000 -
g s @
2 60.0000 -
%1 @ simulation (2D)
3 40.0000 1 simulation (3D)
L&)
ps | .
20.0000 M Experimental
0.0000 T T T T
900 950 1000 1050 1100 1150

Temperature (“c)

Figure4.9 Comparison between 2D and 3D simulated yields of zinc

oxide and experimental data for different temperature

1220

1200
1180
1160
1140

1120 —&—simulation (2D)

1100 simulation (3D)

1080 —f—Experimental

1060

1040 T T T T T T
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Longtitude distance (m)

Figured.10 Comparison between simulated temperature profile

and experimental data for 2D and 3D



46

The simulation results were obtained for three different temperature. Figure
4.9 illustrates the comparison between the computed yields of zinc oxide for 2-D, 3-D
and the experimental data for different temperature including 920 °C, 950 °C, and
1100 °C.

To validate the CFD model, yield of ZnO was simulated in the lab-scale
tubular reactor using the experimental operating conditions. The yields of ZnO was
obtained from the simulations by integrating the interesting domain compare with the
experimental product data. The predicted results show good quantitative agreement
with the experimental data for the yield of ZnO. The vyield is over- predicted in the
case of 2-D simulation and more similar to the experimental results in the case of 3-D
simulation as shown in Figure 4.9.

Figure 4.10 shown comparison between simulated temperature profile and
experimental data for 2D simulation and 3D simulation. The validation of CFD
calculation results for temperature along the tubular reactor with experimentally
measured values of temperatures profile using thermometer with the. From Fig. 4.10,
it is observed that the value of temperature measured by thermometer is higher than
CFD calculation results for both the 2D simulation and 3D simulation cases. The
experimental measurement of temperatures good agreement with the CFD calculation
results. The experimental measurement agreed reasonably well with the CFD

predictions having deviation less than 5%.
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Figure 4.11 - Figure 4.13 shown 2D model contours of temperature, mass
fraction of zinc oxide and reaction rate for difference temperature at 920 °C, 950 °C,
and 1100 °C. Figure 4.14- Figure 4.16 shows 3D model contours of temperature, mass
fraction of zinc oxide and reaction rate on the two cross-sectional planes for difference

temperature at 920 °C, 950 °C, and 1100 °C
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7.82e+02 8.04e+02 8.26e+02 848e+02 8.70e+02 8.92e+02 9.13e+02  9.28e+02

(b)

0.00e+00 2.15e-03 4.29e-03 6.44e-03 8.58e-03 1.07e-02 1.29e-02  143e-02

0.00e+00 285e-03 5.70e-03 8.55e-03 1.14e-02 1.42e-02 1.71e-02 1.80e-02

(d)

0.00e+00 4.02e-02 8.04e-02 1.21e-01 161e-01 2.01e-01 241e-01  268e-01

~
GI
~

4.08e-08 6.66e-06 1.33e-05 1.99e-05 2.65e-05 3.31e-05 397e-05  441e-05

Figured.12 The contours of (a) temperature (), (b) mass fraction of zinc oxide,
(c) mass fraction of zinc , (d) mass fraction of oxygen and

(e) reaction rate (kmovm3.s) for temperature at 1,223 K

o



a9

(a)

|

7.60e+02 8.27e+02 8.93e+02 9.60e+02 1.03e+03 1.08e+03 1.16e+03  1.20e+03

(b)

ﬁl

0.00e+00 3.00e-03 6.01e-03 9.01e-03 1.20e-02 1.50e-02 180e-02  2.00e-02

(c

0.00e+00 2.85e-03 5.70e-03 8.55e-03 1.14e-02 1.42e-02 1.71e-02 1.90e-02

(

d

0.00e+00 4.02e-02 8.04e-02 1.21e-01 161e-01 201e-01 241e-01 2.68e-01

(e

4.08e-08 1.23e-05 245e-05 367e-05 4.89e-05 6.11e-05 7.34e-05 8.15e-05

Figured.13 The contours of (a) temperature «), (b) mass fraction of zinc oxide
(c) mass fraction of zinc , (d) mass fraction of oxygen and

(e) reaction rate(kmovm?3.s) for temperature at 1,373 K

X-Z plane Y-Z plane
L
— ——
7080402 810e+02 %‘ »i 8340402 8460402 8580002 870e002 87 198e+02 8.10e+02 iﬁ‘i 834402 8.46e+02 8.58e+02 8700402 8780402
X-Y plane

7.88e+02 8.10e+02 i %wm 834e+02 B4Be+02 858e+02 870e+02 B878e+02

(a)



X-Z plane Y-Z plane

[ L
- L
000e+00 809804 243603 324002 40403 495603 53903 090400 8090-04 Je. 324003 404003 530003
X-Y plane
ooowts  33emns romes  wweot  vied iamer 1osece
X-Z plane Y-Z plane
I —
I —— -
000e+0 205003 how. 855003 1 em 142002 1700 1s0ac 000 Koiead e, 855603 114002 142002 ﬂuﬂ
X-Y plane
0 00e+00 25de 0 > 88le08 1 17008 147008 1 Ne 08 1 Bde 08
(c)
X-Z plane Y-Z plane
— - -

403002 121001 1 81001 201001 24100t 208 000! 402002 121601 181001 201600 241001 288001




X-Y plane

200001 el o 20Te-00 2800 28000t 26801 200000

(d)

X-Z plane Y-Z plane

_
390008 266005 7 769006 105005 131005 157005 175-043.900-08 266605 Te 78906 1.05e-05 131005 157605  1.75e08
s m - P * B

X-Y plane

3 88e-08 5 86e-08 U 2el8 110007 127e07 14507 157807

(€)

Figured.14 The contours of (a) temperature) , (b) mass fraction of zinc oxide(c) mass

fraction of zinc , (d) mass fraction of oxygen and

(e) reaction rate of 3D model (kmo/m3.s) on the cross-sectional x-z, y-z, and x-y
plane respectively, for temperature at 1,193 K

X-Z plane Y-Z plane




52

7 80es02 8 108002 i%xum 0 3de+02 0.4bes02 8506002 0700402 6 78e002

@

X-Z plane Y-Z plane

—
7192e+02 811002 83ley 851002 8 700402 8.90e+02 900e+02  022e02 78202 8110402 foy 8510402 9.700+02 8000002 9008402 0220402
] O m ' Ik '

X-Y plane

000e+00 23408 702008 22005 11704 140004 150004

(b)

X-Z plane Y-Z plane

—— ——
—
— ———
©00n+0 2 S0 1 ez 1 e rea 2
220008 124000 fe. 370000 450000 s17e03 TAledd 8200 e i S ot - R
-4

X-Y plane

000e+00 220008 0n, 00000 $80s06 110008 132008 147688

()

X-Z plane Y-Z plane

180601 216601  240e0) 000k e 171001 181001 20101 241001 20800




X-Y plane

20701 267001 20001 2IBe0!

X-Z plane Y-Z plane

. 7 L7 7t & 420003 ¥ by
00 851634 - 25N e ﬂm 0.00e+00 857e04 Te. 257003 343003 429003 514003 572003

X-Y plane

Figure 4.15 The contours of (a) temperature ) , (b) mass fraction of zinc oxide(c)

mass fraction of zinc, (d) mass fraction of oxygen and

(e) reaction rate of 3D model (kmom3.s) on the cross-sectional x-z, y-z, and x-y

plane respectively, for temperature at 1,223 K

X-Z plane Y-Z plane
_] g
__ —

Y
- antio | i - — P sieq e 1002 824002 aﬁi 871002 89002 9200002 9420002 057002



54

X-Y plane

812602 8336402 %Ai 877402 8236402 9208002 942es02  85Tes2

(a)

X-Z plane Y-Z plane

000400 119003 357603 476003 604e.02 71303 793003 000e+00 118003 iii 367003 476003 5840.03 713003 783603

X-Y plane

X-Z plane Y-Z plane

-
— ——— ———
Y
00000 285000 255000 114002 142002 17000 190007 00000 286000 §56e03 11e02 142 111602 190082
X-Y plane



55

X-Z plane Y-Z plane
— L
181001 201001 245001 288e0t 000e00 402002 ¥ 12101 181001 20001 241001 260e0!
B
X-Y plane

(d)

X-Z plane Y-Z plane

_ -
33308 551008 ||ﬁi 1685¢.05 219e-05 274005 32905 38505 33308 551008 ||ﬁi 185¢-05 210005 274005 320005 38505

X-Y plane

(€)

Figured.16The contours of (a) temperature (K), (b) mass fraction of zinc oxide(c) mass

fraction of zinc, (d) mass fraction of oxygen and

(e) reaction rate of 3D model ( kmol/m3.s) on the cross-sectional x-z, y-z, and x-y

plane respectively, for temperature at 1,373 K



56

4.3.1. Description of temperature fields

Temperature distribution calculated by Fluent using volume integral method
is presented in Figure 4.11(a) at 920 °C, Figure 4.11(b) at 950 °C, and 4.11(c) at 1,100
°C. It observed from temperature profile in the reactor, a hot spot located near the

downsteam region of the reactor, because oxidation reaction is highly exothermic.

4.3.2. Description of mass fraction of zinc oxide fields

To predict the mass of ZnO, Figure 4.11(b) - Figure 4.16(b) compares the
concentration distributions of ZnO at different temperatures. At the beginning of the
reaction, mass fraction of ZnO occurred in the middle region because of Zn and O,
mixing. Then with increasing Zn and 02 mixing ,the mass fraction of ZnO was
increased, caused by intensive mixing, and thus the efficiency of mass fraction is higher
than in other regions, meaning that more Zn will be degraded. From the results that
the high temperature enhances faster reaction between Zn vapor and oxygen so that

ZnO more presence at the downstream zone.

4.3.3. Description of mass fraction of zinc and oxygen fields

Figd.11(c) - 4.16(c) and Figure 4.11(d) - 4.16(d) display the mass fraction profile
of reactant 02 vapor and Zn vapor, respectively, as a function of position along the
tubular reactor. Zn vapor and 02 concentration gradually decrease further down the

entrance in the reactor due to the rapid reaction between Zn vapor and oxygen.
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However, large fraction of ZN vapor remains in the downstream and fraction of O~

vapor is almost consumed after the entrance

4.3.4. Description of reaction rate fields

Fig 4.11(e) - Figure 4.16(e) show the reaction rates. From the picture shows
completely alters the distribution of reaction rate especially near the wall that two
stream first contact. The region with a high reaction rate is confined in the vicinity of
flow O2/N2 mixture entrance. However, the region of reaction is extended to

downstream.

Fig. 4.14, 4.15, and 4.16 show 3-D simulation results of temperature, mass
fraction of zinc oxide, mass fraction of zinc, mass fraction of oxygen and reaction rate
predicted by the ZnO synthesis model. The contours are comparable with a no

significant differece between the 2D and 3D cases.

The error between the predicted yields of zinc oxide and the experimental
data was less than 11% as shown in Table 4.3. Based on the results in Figure 4.9, and
Tabled.3, the computed yields of zinc oxide were in good agreement with the
experimental data. The 3-D calculations showed better agreement with the
experiments than the 2D axis-symmetric calculations, but they still underestimated
the yield of ZnO because many assumptions was used in this model, resulting to some

error occured.
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Tabled4.3 Summary of the experimental and simulation results for

Different temperture

Temperature Experimental yield 2D Simulated % 3D Simulated yield %
(°O) (%) yield (%) error (%) error
920 74.74 67.00 10.36 71.2 4.74
950 76.15 78.00 2.43 77.56 1.85
1,100 87.60 95.27 8.76 91.43 2.08

4.3 Simulation of synthesis parameters which affect the yield of zinc oxide
4.3.1 Experimental results

For checking repeatability, two experiments were conducted under the same
condition. In the 1st trial, the results obtained from previous experimental, However,
in the 2nd trail, the experimental set-up was set for repeat and further investigate
other condition, leading to an expectable result of high yield of white deposit along
the quartz tube reactor. It could be clearly observed that all synthesized products
collected exhibit purely white appearance. Similar to the results, microscopic analysis
using XRD analysis would be further conducted to confirm its composition and purity

of ZnO.
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The yields of ZnO were dependent on the synthesis parameters such as

reaction temperature and the nitrogen flow rate. The experiment was carried out to

gathered ZnO at various conditions as shown in Table 4.4

Tabled.d Yield of ZnO at various conditions

T evaporation (°C T oxidation
Run 0O, mlU/min N, ml/min Yield (%)
) (°C)
1 32.5 0.1 800 920 74.74
2 32.5 0.1 800 950 76.14
3 32.5 0.1 800 1100 87.59
5 32.5 0.5 800 920 60.21
6 32.5 1 800 920 47.40
7 32.5 2 800 920 27.17
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4.3.2 Effect of nitrogen flow rate

With the confidence given by the model validation, the model was then
employed to study the influence of different operating conditions on product yields,
including nitrogen flow rate. For the effect of N, flow rate out of the range employed
in previous experiments, the nitrogen flow rate has been varied between 0.05 lit/min
to 4 lit/min, From Fig. 4.17, it was observed that the yield of ZnO increases with a
decrease in N, flow rate. ZnO yield decrease when the nitrogen flow rate was higher,
the residence time of the gas mixture in the reactor is relatively short, resulting in a
decrease of the conversion rate. Moreover N2 flow is supplied to dilute the oxygen
concentration, which is attributed to the incomplete oxidation and increase the partial

pressure of O,, resulting in a faster reaction between zinc vapor and O,.
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Figured.17 Simulated results yield of ZnO at different N, flow rate
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4.3.3 Effect of temperature.

The effect of temperature on ZnO yields obtained by varying the temperature
between 650°C and 1200°C. The effects of temperature on yields of ZnO are given in
Fig 4.18. From Fig.4.18, it can be seen that the ZnO yields increased with increasing the
temperature. The simulated results revealed that the temperature strongly affected
Zn0 yields at the temperature between 650 °C to 1,100 °C and slightly affected ZnO
yields at the temperature higher than 1,100 °C. In other words, the ZnO vyields were
found to significantly increase at low temperature range (600-1,100 °C). After the first
region, the ZnO yields were slightly increased and found to be constant. Because the
reaction rate increases with increasing the temperature. However, an increasing in the
temperature was not necessary to improve the ZnO vyields at high temperature level
because amount of energy obtainable through this system is limited. From the results,

it is clear that the temperature is an important design parameter for ZnO synthesis
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CHAPTER V

CONCLUSION AND RECOMMENDATION

5.1 Conclusions

In this study, CFD technique was employed to investigate the
performances of 2-D and 3-D numerical simulations for ZnO synthesis using gas-phase
reaction within a tubular reactor. The 2-D versus 3-D simulations were validated with
respect to yield of ZnO. The results of simulation revealed that a 3-D simulation is
suitable to predicted yield of ZnO when very accuracy are considered. And then
further analysis was carried out to investigate the effect of N, flow rate and
temperature on synthesizing yield of ZnO using non-isothermal model. The boundary
conditions in all simulations were setup corresponding to the experiments. This model
makes use of a series of the equation of continuity, momentum, energy and species
mass balance. The simulation results were validated with experimental data reported
in other previous works. A good agreement with the experimental data of ZnO vyield
indicates the validity of the model. The conclusions of the present research are

summarized as follows:

® For the effect of N, flow rate out of the range employed in previous
experiments, it was observed that the yield of ZnO increases with a decrease

in N, flow rate. This result would be attributed to the dilution of N, which
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would increase the partial pressure of O,, resulting in a faster reaction between

zinc vapor and O,.

® For the effect of temperature on ZnO yeilds, the increasing in temperature
leads to increase the yield of ZnO nanoparticles because the higher
temperature delivers more energy into the system and increases the reaction
rate. However, the increasing in ZnO yields was limited at the high temperature

level.

5.2 Recommendation for Future Work

1 This study gives better understanding of the flows within the tubular reactor
with porous tube. However flow domain for this study do not cover overall region of
tubular reactor. There are still have flow domain for improvement the model to be

more realistic.

2 Use unsteady state instead of steady state to eliminate the error resulting from

steady state



[1]

65

REFERENCES

Versteeg, H. K., and Malalasekera, W. An introduction to computational

fluid dynamics The finite volume method. Malaysia: Prentice Hall, 1995.

Kaya, F., and Karagoz, I. Numerical investigation of performance characteristics

of a cyclone prolonged with a dipleg. Chemical Engineering Journal 151 (2009) : 39-

45.
Wanthamanee, S., Bumrungthaichaichan, E., and Wattananusorn, S. Influence of
Turbulence promoter Geometry on Flow Pattern in Cross-Flow Membrane

Ultrafiltration. Ladkrabane Ensineering Journal 29 (2012):

48-53.
Reuge, N., Bacsa, R., Serp, P., and Caussat, B. Chemical Vapor Synthesis of Zinc
Oxide Nanoparticles: Experimental and Preliminary Modeling Studies. Journal of

Physical Chemistry C 113 (2009): 19845-19852.

Nijemeisland, M., and Dixon, A. G. Comparison of CFD simulations to experiment

for convective heat transfer in a gas—solid fixed bed. Chemical Engineering Journal

82 (2001): 231-246.

Urgessa, Z. N., Oluwafemi, O. S., and Botha, J. R. Effect of precursor concentration
on the growth of zinc oxide nanorod arrays on pre-treated substrates. Physica B 407
(2012): 1543-1545.

Yu, W., and Pan, C. Low temperature thermal oxidation synthesis of ZnO

nanoneedles and the growth mechanism. Materials Chemistry and Physics 115

(2009): 74-79.
Lim, Y. S., Park, J. W., Hong, S. T., and Kim, J. Carbothermal synthesis of ZnO

nanocomb structure. Materials Science and Engineering B 129 (2006): 100-103.

Shen, L., Zhang, H., and Guo, S. Control on the morphologies of tetrapod ZnO

nanocrystals. Materials Chemistry and Physics 114 (2009): 580-583.




66

[10]Rosina, M., Ferret, P., Jouneau, P. H., Robin, I. C,, Levy, F., Feuillet, G., and Lafossas,
M. Morphology and growth mechanism of aligned ZnO nanorods grown by catalyst-

free MOCVD. Microelectronics Journal 40 (2009): 242-245.

[11]Zong, X., and Wang, P. Effect of UV irradiation on the properties of ZnO nanorod
arrays prepared by hydrothermal method. Physica E 41 (2009): 757-761.
[12]Wang, S., Xia, G., Shao, J., and Fan, Z. Structure and UV emission of nanocrystal ZnO

films by thermal oxidation of ZnS films. Journal of Alloys and Compounds 424 (2006)

: 304-306.
[13]Kim, S., Jeong, M., Oh, B., Lee, W., and Myoung, J. Fabrication of Zn/ZnO nanocables
through thermal oxidation of Zn nanowires grown by RF magnetron sputtering.

Journal of Crystal Growth 290 (2006): 485-489.

[14]Charnhattakorn, B., Charinpanitkul, T., Sirisuk, A., and Pavarajarn, V. Controlled
synthesis of defects-containing ZnO by the French process modified with pulsed

injection and its luminescence properties. Ceramics International 37 (2011): 2021-

2024.
[15]Yamamoto, H., Otani, Y., Seto, T., Nartpochananon, P., and Charinpanitkul, T.
Generation of uniform tetrapod-shaped zincoxide nanoparticles by gas-phase

reaction with using flow restrictor. Advanced Powder Technology 23 (2012): 71-79.

[16]OH, H. W. Computational Fluid Dynamics. India: InTech, 2010.

[17]Socolofsky, S. Lecture note on Fluid Dynamics for Ocean and Environmental

Engineering. TEXAS A&M UNIVERSITY, 2012.

[18]Bird, R. B., Stewart, W. E., and Lightfoot, E. N. Transport Phenomena. 2™ edition. USA:

Wiley, 2007.

[19]ANSYS, Inc. ANSYS FLUENT 12.0 Theory Guide. 2009.

[20]Wilkes, J. O. Eluid Mechanics for Chemical Engineers, 2nd ed., with microfluidics and

CFD. 2" edition. Massachusetts: Prentice Hall, 2006.

[21]Cushman-Roisin, B. ENVIRONMENTAL FLUID MECHANICS. USA: Wiley, 2010.



67

[22]Wang, X., and Tan, S. K. Environmental fluid dynamics-jet flow. 9™ International
Conference on Hydrodynamics (ICHD 2010), Shanghai, China, October 11-15, 2010.
[23]Gutmark, E. J., and Grinstein, F. F. FLOW CONTROL WITH NONCIRCULAR JETS!. Annual

Review of Fluid Mechanics 31 (1999): 239-272.

[24]Seok, J. K., and I, W. S. Reynolds number effects on the behavior of a non-buoyant

round. Experiments in Fluids 38 (2005): 801-812.

[25]Yang, J., Sodabanlu, H., Waki, I., Sugiyama, M., Nakano, Y., and Shimogaki, Y. Process
design of the pulse injection method for low-temperature metal organic vapor

phase epitaxial growth of AN at 800 °C. Journal of Crystal Growth 311 (2009): 383-

388.
[26]Zhang, J., Yang, Y., Xu, B., Jiang, F., and Li, J. Shape-controlled synthesis of ZnO

nano- and micro-structures. Journal of Crystal Growth 280 (2005: 509-515.

[27]Hsu, Y. F., Djurisic, A. B., and Tam, K. H. Morphology and optical properties of ZnO

nanostructures grown under zinc and oxygen-rich conditions. Journal of Crystal

Growth 304 (2007): 47-52.

[28]Welty, J. R., Wicks, C. E., Wilson, R. E., and Rorrer, G. L. Fundamentals of Momentum,

Heat, and Mass Transfer. 5 edition. USA: Wiley, 2008.

[29]Kliem, S., Hohne, T., Rohde, U., and Weiss, F. P. Experiments on slug mixing under
natural circulation conditions at the ROCOM test facility using high-resolution

measurement techniques and numerical modeling, Nuclear Engineering and Design.

240 (2010): 2271-2280.

[30] Stern, F., Wilson, R. V., Coleman, H. W., and Paterson, E. G. VERIFICATION AND

VALIDATION OF CFD SIMULATIONS. IIHR Report No. 407. lowa: lowa Institute of

Hydraulic Research, 1999



APPENDIX
APPENDIX A

C-CODE OF TEMPERATURE PROFILE

#include "udf.h"

DEFINE_PROFILE (temp_wall,thread,position)

realr[3];

realx;

face t 1,

begin f loop(1,thread)

F_CENTROID(r, 1, thread),

x =r[0];

F PROFILE (1, 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 + 2711.18*x*x + 2616.07*x + 650.54;

68



end f loop (1,thread)

69



APPENDIX B

GAMBIT
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= | N:andO: , Vasisrws =0.003 m's
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+

-
L
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FigureB.1 Domain and boundary conditions for 2D model

n vapor

Vmixture= 0.047 m/s

FigureB.2 Domain and boundary conditions for 3D model

1 Specify boundary conditions for 2D model and 3D model

There are many boundary conditions in this model as shown in Figure B.1 and
Figure B.2. The blue line, red line, green line, gray line and pink line are velocity inlet
boundary type, pressure outlet type, interior type, and wall type, axis respectively.

1.1  Setting inlet boundaries (blue lines). Velocity inlet boundary type can be set
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as shown in Figure B.1 and Figure B.2. The details of inlet boundary are shown

in Table B.1.

Operation

o
1 9 [&]® il
Zones
a.
@
S[)EC"Y Bnundary TypES
FLUENT 5/6

Action:
£ 2dd ~w Mdify
+ Delete  ~+ Delete all

Hame Type

in M2 YELOCITY_INLE
in &ir YELOCITY_INLE
aut PRESSURE_OUT
int INTERIOR

wall WaLL

& I o] ]

_1 Show labels _| Show colors

3

Type:
WALL |
Entity: 4
Faces || il
Label Type 5
<1 [ ] I?b':
Remove | Edit |

FigureB.3 Specify boundary conditions

TableB.1 Details of inlet boundaries

Number Name Type
Stream 1 N2 + Zn vapor VELOCITY INLET
Stream 2 N2+02 Flow VELOCITY INLET

1.2 Setting outlet boundary (red line) as PRESSURE_OUTLET
1.3. Setting interior boundary (green line) as INTERIOR

1.4. Setting wall boundary (black line) as WALL
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1.5 Setting wall boundary (pink line) as AXIS for 2D model

2 Specify continuum zones
These model consists of two zones, including upstream and reaction zones as

shown in Figure B.4. The continuum setting is shown in Figure B.5.

Upsteam zone Reaction zone

FigureB.4 Zones of the model

Operation

ETEIR!
s®] 2

Specify Continuum Ty,
FLUENT 5/6

Action:
4 Add ~ Modify
+ Delete Delete all

Name Type

<1 T =] I
—| Show labels _i Show colors

e 3
Type:
FLUID — 1

Entity:

Faces Ijace.ﬁ ﬂ

Type

Retiow: Edit |

Cam 1§ J_om |

FigureB.5 Specify continuum type



3 Save the model as shown in Figure B.6

ID: I Jdfubular reactor

Accept |

File Type: UNS f RAMPANT f FLUENT 5/6

File Hame: I cylindrical with diffuser.msh | Browse...

- Export 2-D(H-%) Mesh

Accept | Close |

5 Finish and close GAMBIT
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SIMULATION IN FLUENT
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1 Open FLUENT and setting FLUENT Launcher as shown in Figure C.1.

(=] Show Fewer Options

e =

bed Graphics YWindows
‘Workbench Color Scheme

FLUENT Launcher

Options

Double Precision

[] UseJob Scheduler

[7] Use Remate Linus Nodes

Processing Options I
) Serial
© Parallel (Local Machine] 2

Number of Processes

General Options

Parallel Settings | Soheduler | Erviranment

Version
1400

wiorking Directory

Bt o

[=] [F] Pre/Pastary

=]
LUENT Fioat Path
T ST AT SRR
[7] UseJournal File
ok | [ pefan | [ gencel | [ Hep ~

FigureC.1 FLUENT Launcher setting

2 Read the existing mesh files as shown in Figure C.2.

1

diffuser smaun

Parallel N
el Mesh Define Solve Adapt Surface Display Report Parallel Vi
Look
I = s T I okin: | run case
Write 3 Case...
Import 3 Baiat 2 ~ I
Epah b Case & Data... 1
Export to CFD-Post... PDE..
Solution Files... ISAT Table... cfd cylindrical with
Interpolate... BT
FSI Mapping 3 Ul Libraries L
Profile... . =
Save Picture... HA\I‘
Data File Quantities... Scheme... Computer
Batch Options... Journal...

Exit
RO CaTea e
Results

Graphics and Animations
Plots
Reports

2D pipe with diffuser-Case2
annulus with diffus 300 mm
2D pipe02-3 percent-Case?
20 pipe with diffuser

2D pipe with
diffuser.msh

pipe with diffuser

Mesh File

GAMBIT 4644 GAMEIT 5348

3 select file

hnulus with diffus|

annulus with diffus 300 mm.msh

300 mm.msh

Files of type

[Mesh Files

Display Mesh After Reading

FigureC.2 Select mesh file step
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3. General setting

3.1 Scale the model. Mesh > Scale > Mesh was created in > mm > Scale > Close

Domain Extents Scaling
Xmin (mm) [ _p3 Xmax (mm) [ 23 @ Convert Units

(7 Specify Scaling Factors
¥min (mm) 53 Ymax (mm) [53 Mesh Was Created In

<Select>

Zmin (mm) [_3 34717e-14 Zmax (mm) ‘ 300 Scaling Factors

4

View Length Unit In
i

I

| Scale || Unscale |

3.2 Check mesh. Mesh > Check

3.3 Solver setting. Select the solver as shown in Figure C.3

General

Mesh
[ scde.. [ ched |[ReportQuaity]

Salver
Type Velocity Formulation
(@) Pressure-Based @) Absolute
(7 Density-Based () Relative
Time
(@) Steady

() Transient

Grauit}-I Units. ..
Gravitational Acceleration

X (mfs2) lg— 8
¥ {mfs2) [g.31 [E]
Z (mfs2) lo— @

FigureC.3 Solver setting
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4 Models selection
4.1 Turn on energy equation. Models > Energy > Edit >
Select Energy equation > OK
4.2 Select larminar model Models > Viscous > Edit > laminar > OK

4.3 Select species. Models > Species > Edit > Select species transport > Select

volumetric for reactions > Select Laminar Finite-rate > OK

Models || Models

Models
[Multiphase - off
o Energy - On

Viscous - Laminar 4
ISCOUS - Laminar di

Heat Exchanger - Off

Transport, Reactions
Spedies - Spedies Transport, Reactions psilon (2 equy p

NOx - Off mega (2 eqn) 5
S0x -DFFFF ) Transition k--omega (2 egn) goct-;\fz Deteied Chanisry - OFf
Soot - O ecoupled Detalled Chemistry -
Decoupled Detailed Chemistry - Off ;s;l‘:;: Ssh,sars?(;q::n) Reacting Channel Modsl - OFf
Reacting Channel Model - Off ’ 8 _ Discrete Phase - Off

Discrete Phase - OFF le-Adaptive Simulation (SAS) & Melting - OFF

& Melting - Off ") Detached Eddy Simulation (DES) Acoustics - Off
Acoustics - OFF (©) Large Eddy Simulation (LES) Eulerizn Wl Fim - Off

Eulerian Wall Film - Off

Options
[ viscous Heating
[ ]Low-Pressure Boundary Slip

ixture Properties

— Mixture Material

S Soe 2o mixture-template +| [Edit...
e I |
e Marbes of oumetic oeces (5
Partially Premixed Combustion

T P Turbulence-Chemistry Interaction

R @) Laminar Finite Rate
[V] Volumetric Finitz-Rate Eddy-Dissipation
T Eddy-Dissipation
[ Particie Surface 6 Eddy-Dissipation Concept
o Coal Calalator...
ptions

Lllalai Cifs cian

T e e LT
[l Thermal Diffusion
"] Relax to Chemical Equilibrium
[T stiff Chemistry Solver
[ CHEMKIN-CFD from Reaction Design

5 Material setting

Create Zn vapor and ZnO in Fluid materials section. This step can be shown in

Figure C.4. The gases properties and gases properties setting are shown in Table C.1 and

Table C.2, respectively.



r

‘EBrd- @”'*ﬁ O /" eAMm~-0O '| [ Create/Edit Materials =
Problem Setup Materials T Material Type Order Materials b
General Materials [ | [ z)| @teme
emical Formula
Mixture
mixture-template S el FLUENT Fluid Materisls
| = S| TEr—
Cell Zone Conditions oxygen
wa{gwa . Wisture User-Defined Database...
Boundary Conditions o
Mesh Interfaces —
Dynamic Mesh operties
Reference Values i
aluminum " B
Solution 2 Sl i) [constant <[ ..
Solution Methods | 125
Solution Controls
Monitors E
Cp (Specific Heat) (j/kg]
Solution Initialization AE= ks [constant b=
Calculation Activities | 1006.43 5
Run Calculation
Results Thermal Conductivity (w/m-%) lmﬂs‘a"t 'l =
Graphics and Animations . .
Set fluid h
i 3 ! et fluid properties here
Uz U] [constant v] Edit...
|1‘7894e~05
6 | [changefcreate || [ Delete | [ cese | [ Hep |
— = e e e
—_—
Sele _ constant-dilute-appx method for "Hass Diffusivity" -- data required.

Haterial air:
Hew property “Standard State Enthalpy™ has been added.

FigureC.4 Material creation



TableC.1 Gases properties
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Gases
Properties Unit Coefficient
Nitrogen Oxygen Zinc Zinc oxide
Formular N, O, Zn ZnO
Density @ 300K [kg/m°] 1.145 1.308 - -
Molecular weight [ke/kmol] 28.013 31.999 65.39 81.389
Standard state enthalpy | [J/kgmol] 0 0 1.304e8 0
[J/(kgmol-
Standard state entropy K] 191494.8 205026.9 160980 43640
Specific heat A - - 323.108 300.483
B - - -2.034E-02 4.299E-01
[J/(kg-K)] C - - 1.126E-05 -4.885E-04
Cp=A+BT+CT2+DT3+ET4
D - - -2.723E-09 2.503E-07
E - - 2.520E-13 -4.650E-11




TableC.2 Gases properties setting

Gases
Properties Unit
Nitrogen Oxygen Zinc Zinc oxide
Formular N, O, Zn Zn0O
Heat capacity (Cp) [J/(kg-K)] Polynomial Polynomial Polynomial | Polynomial
Thermal conductivity Kinetic Kinetic
(k) [(W/(m-K)] Polynomial Polynomial theory theory
Kinetic Kinetic
Viscosity [kg/(m-s)] Polynomial Polynomial theory theory
FLUENT FLUENT
Molecular weight [ke/kgmol] default default 65.39 81.389
FLUENT FLUENT
Standard state enthalpy | [J/kgmol] default default 1.304E+08 0
[J/(kgmol- FLUENT FLUENT
Standard state entropy K] default default 160980 43640
Reference temperature [K] 298.15 298.15 298.15 298.15
FLUENT FLUENT
L-J Characteristic length | [Angstroms] default default 2.556 2.556
FLUENT FLUENT
L-J Energy parameter (K] default default 1356 1356




6 Reaction setting
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Reaction setting can be shown in Figure C.5. The properties of gases should be follow

Table C.2.

Problem Setup

General
Models

Cell Zone Cor

Boundary Conditions

Mesh Interfaces

Dynamic Mesh

Reference values
Solution

Solution Methods

Solution Controls

Manitors

Solution Initialization

Calaulation Activities

Run Caloulation
Results

Graphics and Animations

Plots

Reports

Materials

Materials

Mame

mixture-template
no

nitrogen
oxygen
Fluid
water-vapor
o
n
air
Solid
aluminum

Material Type

"B Create/isie Materiai

Order Materials b

| mixture-template [mudure

Mame

Chemical Formula

() Chemical Formula

| FLUENT Mixture Materials

[mixture-template
Mixture
|none
Properties
Mixture Spedes [names v@
Reaction [Grite rate o[ Edit... | I
T [reachon-med\s v] Edit...

E=glial ) [inmmuemble-ideai-gas

[Change,fCreabe ] [ Delete

] [

Available Materials

Selected Spedies

water-vapor (h2o)
air

02
n2
Fal
mo

| Add ||Rem0ve|

| Add ||Rem0\re|

| Add ||Rem0ve|

4.2

[oc] (concel] (b |
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Mixture |m|xmre—templahe Total Number of Reactions | 1 (9]

=

Reaction Mame Reaction Type

jin]
reaction-1 1 (@ Volumetric wal Surface Particle Surface ‘

Mumber of Reactants |3 [=] Mumber of Products [ 1 [a]
=) =]
- -
Stoich. Rate Stoich. Rat=
Spedes Coeffident Exponent Species Coeffident Exponent

n - |1 |1 zno - ‘1 ‘o

Arrhenius Rate Mixing Rate

'q|4 Ello.s

Pre-Exponential Factor | 82408

Activation Energy (j/kamal) | 1.2%e+08

Temperature Exponent [

[~] tnclude Backward Reaction 5 1
[ Third-Body Efficiencies Spedfy. .. *

D Pressure-Dependent Reaction Spedfy...

Coverage-Dependent Reaction Spedify...

52 _ [CocT|mal

FigureC.5 Reaction setting

1

'anernozko[ Zn ][Oz]E (1)

Reuge et al. employed Eq. (1) for the CFD simulation of ZnO particle
formation in parallel flow and cross flow reactors. They adopted the activation

energy reported by Garcia et al. and determined the frequency factor as:

12.9 % 107

ko =8x108exp| — o

7 Boundary condition setting

7.1 Interpreted the C-CODE which is created by Notepad program and save
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as.c file (File > save as > type the name.c > save), as shown in Figure

C.6.

2D pipe0 Pa =
File Mesh [Define| Solve Adapt Suface Display Report Parallel View Help
" General... N8 -0~
Models... -
2: Convergence history of Ve v
Problem Sety Materials...
General
o Phases..
Materials Cell Zone Conditions...
Phases -
i Boundary Conditions. urce File Name
BoundaryC Operating Conditions. e C:\Jsers\Pear\Desktopyun case\
Mesh Interf|
Dynamic Me Mesh Interfaces... CPP Command Name
Reference Dynamic Mesh... Area o
Solution - Welghted
Mesh Morpher/Optimizer... Average Stack Size
Salution Me {mis) oo &
salution Cor Mixing Planes... 10000 5
Monitors Turbe Topology,. .
Solation Ini Display Assembly Listing
Calewlation T Use Contributed CPP
Run Calcula
DTRM Rays... ' 10 wm e am 20 =m
Results lerat
Graphics 2n Shell Canduction Walls... eration
Plots
= Custom Field Functions...
Parameters... Gonvergence history of Weloeity Magnitude on p_out Feh 02,2014
Profiles... ANSYS FLUENT 14.0 (axi, dp, phns, spe, lam)
Units. 2495 3.1580e-09 %.4695e-10 8.570ke-11 2.4676e-11 1.0005e-68 1.4408e-07 3.6691e-07 6.6389e-02 6.5027e-02 0:00:( -
0 8.05908e-11 1.6651e-11 1. 1. 3. 6.6389e-02 6.5027e-02 0:00:(
User-Defined U Functions U Interpreted... 0 7.9433e-11 1.208%-11 1.0916e-08 1.4409e-07 3.6692e-07 6.0389e-02 6.5027e-02 0:00:(
Function Hooks... Compiled... y y-velocity energy 02 n2 zn outlet %=0.1 tir]
A N 0 7.6703e-11 9_4392e-12 1. 1. 3. 6.6389e-02 6.5027e-02 0:00:(
= 0 7.3441e-11 3.3517e-11 1.1122e-08 1._4405e-07 3.6683e-07 6.0389e-02 6.5027e-02 0:00:(
Scalars .0906e-09 4.3111e-10 8.2236e-11 2_3817e-11 1.0915e-08 1.4408e-07 3.6691e-07 6.6389e-02 6.5027e-02 0:00:(
Memory... Mass-Weighted Auverage
netic Rate of Reaction—1 (kgmol/m3-s)
Fan Model...
1D Coupling... Fluid 2_1214786e-65
Het 2.1214786e-05 n

Parallel F @Pear-
file Mesh Define Solve Adapt Surface Display Report Parallel View Help
Er-Ed-@me[SEad e E-0-
problem § BY Select File
General |
Models| Lookin: | run case - £ [~ ~
Materig | : ez |
Phase - i
el z | ~ ~ ~ ~ urce File Name
Boundg = k k k k C:\Users\Pear|Desktopyun casel
| Recent Places L L) L L
Dynami PP Command Name
ved S
Soluti
_— P=p Stack Size
Solut . GAMEIT3092  GAMBITAL3S  GAMBIT.A644 GAMEIT 5348 10000 =
Saluti - &
Moritaf
sl Uorares - . ]
Calaula . ~ L Use Contributed CPP
ol L 3 e R =
Results
craph Computer Type: C File ltzrethain
) § Size: 476 bytes
o =] | Date modified: 2/2/2557 16:30
GAMBIT 6428 th diffi t d
i (b lilel IEpemes agnitude on p_out Feb 02,2014
\IDF Source Fle | ETIETA - R ANSYS FLUENT 14.0 taxi, dp, pbns, spe, lam)
Fies cf type: [UDF Source Fies < [ Cancel | [5e-10 8.570ue-11 2_u676e-11 1.0905e-08 1.4h08e-07 3.6691e-07 6.6389e-02 6.5027e-02 0:00:( -
3e-108 8.08598e-11 1.6657e-11 1. . . 6.6389e-02 6.5027e-082 0:00:(
| Zavr srmozueTwaseatbe—10 7.9433e-11 1.26884e-11 1.0916e-68 1.448%-87 3_6692e-07 6.6389e-02 6.5027e-02 0:00:(
iter continuity x-uvelocity y-uelocity enerqy 02 n2 zn outlet %=0.1 tir
2498 6.8613e-10 4.3228e-10 7.6703e-11 9.4392e-12 1.0924e-08 1_4409e-07 3.6693e-07 6.6389e-02 6.5827e-02 0:00:1
2499 2.8473e-09 4.2752e-10 7.3441e-11 3.3517e-11 1.1122e-08 1_4405e-07 3.6683e-07 6.6389e-02 6.5827e-02 0:00:1
2500 3.0906e-09 4.3111e-10 8.2236e-11 2.3817e-11 1.08915e-08 1.4408e-07 3.6691e-07 6.6389e-02 6.5027e-082 0:00:1
Hass-\leighted Average
Kinetic Rate of Reaction-1 (kgmol/m3-s)
fluid 2.1214786e-05
Net 2.1214786e-05 =l
n
- E EN o om0 B
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The boundary conditions for temperature profile can be written in c-language as the

follow

#include "udf.h"

DEFINE_PROFILE (temp_wall,thread,position)

realr[3];

realx;

face tf1,

begin f loop(f1,thread)

F_CENTROID (r, 1, thread);

x =r [0];

F_PROFILE (f1, 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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7.2 Set the inlet boundary conditions. The inlet boundary condition setting
are shown in Figure C.6. The boundary conditions for inlet and outlet are shown in

Table C.3.

*roblem Setup Boundary Conditions

General
Models
Materials
Phases
1 Cell Zone Conditions

[Sunaary conamonsig

Dynamic Mesh
Reference Values

Zone Name

[Fomentum TRermal Fadiation | PM | Multiphase | ups |

Reference Frame [Absolube ,]
5 ow Specification Method (jass Flow Rate =
Mass Flow Rate (kafs) > 600782-06 constant -
Supersonic/Initial Gauge Pressure (pascal) |n — =

Diection Specification Metod \grmal to Boundary -]

solution
Solution Methods
Solution Controls
Monitors
Solution Initialization
Calculation Activities

5.1

Run Caleulation 3
2esults
Graphics and Animations | Fhase Type D

Aot e - 8 [E]ew
Reports

4 [ Parameters... | [Operating Conditions... |

Display Mesh... | | Periodic Conditions. .. | p_out

int
[T]Highlight Zone a1

Zone Name Zone Name

in_air ’—,"_E‘,

Momentm Thernal| Raiation | specis | oe | wutishase | os | Momentum | Thermal | Radiaton Speces | DPM | Mutiphase| LDs |
S Sl

Total Tefjperature (k) -
uaf temp izl TPty Speces I MOk Fractons

constan

it .
New IHE it Parameter. [Spedies Mass Fractions
2 ‘ 0.271 constant - I

nz ‘ 0.72 constant -
6.1 2 ‘n constant - 7.1

(o] (eme] i) (o) [concel] [ )
_

FigureC.6 Inlet boundary conditions setting



TableC.3 Inlet and outlet boundary conditions
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Reference
Density Viscosity Flow rate
Feed Composition Temperature Mass flow rate Mass fraction
K kg/m3 kg/(m-s) lit/min m3/s ke/s -

N2 300 1.14 1.66E-05 0.10 1.67E-06 1.90E-06 0.73

Air 02 300 1.30 1.92E-05 0.033 5.42E-07 7.04E-07 0.27
Total - 1.18 1.73E-05 0.13 2.21E-06 2.60E-06 1.00

N2 300 1.14 1.66E-05 2.00 3.33E-05 3.80E-05 0.98

Zn n 300 - - - - 7.40E-07 0.02
Total - . 2 2.00 3.33E-05 3.87E-05 1.00




Hydraulic
. . Reynolds
Feed Composition Flow area diameter Velocity Note
Number
m2 m m/s
N, -
Air 02 0.00064 0.01 0.003 2.34 -
Total -
N2 h
Zn Zn 0.00071 0.03 0.047 96.81 0.004 kg

Total

86



7.3 Set outlet boundary condition. This step likes the previous step.
7.4 Set wall boundary condition is No-slip

7.5 Solution Methods setting. Solution methods setting is shown in

Figure C.7.
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7] Set All Spedies Discretizations Together

Default

Help

FigureC.7 Solution Methods setting
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7.6 Solution initialization setting.

Problem Setup
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Reference Values
Solution
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‘ ]
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Turbulent Dissipation Rate (m2/s3)
‘ 1
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FigureC.8 Solution initialization setting

7.7 Run Calculation
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FigureC.9 Run Calculation setting
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8 How to calculate yields

Problem Setup
General
Models
Materials
Phases
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Boundary Conditions
Mesh Interfaces
Dynamic Mesh
Reference Values
Solution
Solution Methods
Solution Controls
Monitars
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Calculation Activities
Run Calculation

Results
Graphics and Animations
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Reports

Fluxes
Forces
Projected Areas - Unavailable
Volume Intearals
Discrete Phase:
Sample
Histogram
Summary - Unavailable
Heat Exchanger - Unavailable
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| Kinetic Rate of Reaction-1
Mass-Weighted Average

| 0

Save Output Parameter...

= J—
() Mass Integral

Help

[Compute] [Write...] [ Close ] [ Help ]

Mesh

FigureC.10 Kinetic Rate of Reaction Calculation setting

Kinetic Rate of Reaction-1 (kgmol/m3-s)

Net

Time operate: 5400 s

2.4970346e-05

Molecular wigth of ZnO: 81.389 kg/kmol

Total volume: 0.0004472 m3
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Solution
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FigureC .11 Total volume Calculation setting

Total mass of ZnO: Kinetic Rate of Reaction x Time operate x Total volume x

Molecular weight : (2.4970346e-05) (5400) ( 0.0004472)( 81.389) = 4.19 kg
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