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Abstract

This work reports on the investigation of the gas temperature distribution of the
kiln atmosphere, especially between the kiln cars. Therefore, the mixing of the
axial flow with injection of cold air into the preheating zone as well as the flame
behavior while combustion of gaseous fuels in firing zone. Different geometric
and operation parameters are varied. Additionally, it also discusses about the
special injector nozzle in case of the roller hearth kiln and its influence on the
mixing.

3D simulations (CFD ANSYS) are used to evaluate the quality of mixing for a
part of preheating zone in a tunnel kiln. The influence of geometric parameters
on temperature distribution in the preheating zone is studied. These parameters
include the number and position of the side injection, cross-section area of ware,
shape of nozzle outlet, kiln geometry and production inside the kiln. The quality
of mixing is shown through three different plots, i.e. contour plot of temperature,
frequency of temperature distribution and the plot of maximum temperature
difference.

The better mixing quality is achieved by positioning the two side injections on
the opposite walls and the maximum height and through the presence of
products inside kiln. The results also showed that geometry of products inside
the kiln seems to have great influence on the mixing inside the kiln while the
shape of cross-section of the nozzle does not influence on mixing inside the kiln.
Furthermore, effect of operation parameters on mixing quality, which include
temperature and velocity of side injection, mixing ratio and velocity of ware
stream to the gas stream ratio is studied. The injection velocity and the injected
mass flow rate are combined in a parameter called impulse.

Better mixing is achieved with an increasing impulse of side injection. The slope
of curve of temperature difference decreases strongly up to 4N impulse and
after that it decreases slowly. The temperature of the side injection does not
effect mixing, but merely affect the temperature of the mixture. As the ware to
gas relative velocity decreases, the mixing quality is being better.

2D simulations using CFD (ANSY'S) are carried out for annular ring burner with
gaseous fuels in order to study the effect of geometric and operation parameters
on flame behavior.

The mass fraction of gaseous fuels and the velocity of the mixture in
dimensionless form are calculated analytically using equations derived from the
laws of conservation of mass and momentum and then compared with numerical
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results. The comparison of numerical results with analytical results in different
axial positions shows that it is identical with maximum relative error ~29.5%.
The plots and contours are presented for flame length and temperature
distribution under various operation and geometric parameters. The results show
that the flame length is directly proportional to the air inlet diameter and
temperature of the surroundings. It has a shorter flame with smaller air inlet
diameter (high velocity of air inlet) and it has a longer flame with higher
temperature of the surroundings. The excess air number and O, concentration of
the combustion gas have a significant effect on the flame temperature profiles.
The fuel velocity has almost no effect on flame behavior. The peak temperature
when the surrounding is air, is relatively higher than that when the surrounding
Is combustion gas. Also the flame is longer in case when the surrounding is air.

In roller hearth kiln, hot air from the cooling zone is available at the end of the
firing zone, allowing to use it again using injectors. 3D simulations in a domain
containing injector nozzles are carried out to evaluate maximum velocity,
guantity of air suction, streamlines and temperature distribution in the roller
Kiln. It is shown that the maximum velocity of air at the outlet of the core is
about 90m/s. The temperature distribution with upstream model is found better
than with downstream. Also, it could be proposed that the burner with longer
outlet duct protects the product from direct exposure to the flame.



Zusammenfassung

In dieser Arbeit wird die Temperaturverteilung innerhalb der Ofenatmosphare in
Tunnel6fen, speziell zwischen den Ofenwagen, untersucht. Dabei wird die
Vermischung des axialen Gasstroms durch Eindlisung von Kaltluft in die
Vorwarmzone und das Abbrandverhalten von gasférmigem Brennstoff in der
Brennzone betrachtet. VVerschiedene Geometrie- und Betriebsparameter werden
variiert. Darlber hinaus wird auch die Vermischung betrachtet, wenn
Injektordiisen im Falle der Rollenherdofen genutzt werden.

Zur Untersuchung der Eindisung von Kaltluft in die Vorwédrmzone des
Brennkanals werden 3D-Simulationen (CFD ANSY'S) durchgefihrt. Dabei wird
der Einfluss geometrischer Parameter auf die Temperaturverteilung und somit
auf die Qualitat der Vermischung analysiert. Diese Parameter umfassen die
Anzahl und Position der Seiteneindlsungen, die Querschnittsflache der Ware,
die Form des Disenquerschnitts, die Ofengeometrie und der Besatzaufbau
innerhalb des Ofens. Die Qualitdt der Vermischung wird mit Hilfe von
Temperaturfeldern, Haufigkeitsverteilungen und der maximalen axialen
Temperaturdifferenz quantifiziert.

Eine gute Mischglte wird erreicht, indem je eine Eindlsung an den
gegeniberliegenden Wanden mit einem moglichst grofRen vertikalen Abstand
zueinander eingesetzt wird. Die Ergebnisse zeigen auch, dass die Geometrie der
Ware einen groRen Einfluss auf die Durchmischung im Inneren des Ofens hat,
wéhrend die Form des Dusenquerschnitts die Mischglte nicht beeinflusst.
Weitere Betriebsparameter wie die Gastemperatur der Eindlsung, die
Einblasgeschwindigkeit, das Verhaltnis der Volumenstréme aus Eindisung und
axialer Hauptstromung werden variiert. Die Einblasgeschwindigkeit sowie der
Massenstrom der Eindlisung werden im Impulsstrom als Parameter
zusammengefasst.

Es wird gezeigt, dass die Mischglte mit zunehmendem Impulsstrom bis 4 N
stark ansteigt und sich der Effekt danach langsam abschwacht. Die
Gastemperatur der Eindusung wirkt sich nicht auf die Vermischung aus, jedoch
wird die Mischtemperatur beeinflusst.

Des Weiteren wurden zweidimensionale CFD-Simulationen durchgefuhrt, um

das Abbrandverhalten von gasférmigen Brennstoffen unter Nutzung von
Parallelstrombrennern mit einer Diffusionsflamme zu untersuchen.
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Der Massenanteil des gasférmigen Brennstoffs und das Geschwindigkeitsfeld
des Gemisches werden unter Verwendung von Gleichungen aus den Gesetzen
der Masse- und Impulserhaltung abgeleitet. Der Vergleich der numerischen
Ergebnisse mit analytischen Ergebnissen fiir verschiedene axiale Positionen
zeigt eine gute Ubereinstimmung mit einem maximalen relativen Fehler von ca.
29.5%.

Es wird die Flammenldnge und die Temperaturverteilung fir verschiedene
Geometrie- und Betriebsparameter dargestellt. Die Ergebnisse zeigen, dass die
Flammenldnge zu dem Lufteinlassdurchmesser und der Temperatur der
Umgebung direkt proportional ist. Es ergibt sich eine kirzere Flamme bei
kleinem Lufteinlassdurchmesser (hohe Geschwindigkeit der Eindlsung) sowie
eine langere Flamme bei héherer Umgebungstemperatur. Die Luftzahl und die
O,-Konzentration des umgebenden Verbrennungsgases haben einen
signifikanten Einfluss auf das Temperaturprofil innerhalb der Flamme. Die
Eintrittsgeschwindigkeit des Brennstoffs zeigt nur einen geringen Effekt auf das
Flammenverhalten. Die Maximaltemperatur innerhalb der Flamme sowie die
Flammenlange sind am grofiten, wenn die Flamme von Frischluft umgeben ist
anstatt von Verbrennungsgas.

Im Rollenherdofen steht am Ende der Brennzone HeiBluft aus der Kiihlzone zur
Verfugung, die durch Injektorbrenner genutzt wird. 3D-Simulationen wurden
durchgefihrt, um die Maximalgeschwindigkeit der Eindisung, die abgesaugte
Luftmenge, die Temperaturverteilung innerhalb des Brennkanals bzw. die
Vermischung zu untersuchen. Es wird gezeigt, dass die maximale
Austrittsgeschwindigkeit der Luft etwa 90 m/s betrdgt. Die Vermischung ist
intensiver fur den Fall, dass axial und entgegengesetzt zum Hauptstrom
eindedust wird, gegentiber dem Fall der Eindisung stromabwarts. AuRerdem
wird eine grolRere Eintauschtiefe der Brennerlanze vorgeschlagen, um den
Kontakt von Flamme und Ware zu vermeiden.
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Nomenclature

Only commonly used symbols are defined here and some specific used symbols
are defined explicitly within the text.

Latin letter symbols

Symbol

A
B

T
N

_rrr;-ﬁjgxIIG);“;h‘h_f?-g-g- (O
Py

SlgsE<gE "o

X
é

Meaning

Area

Kiln width

Ware width

Boundary Zone
Specific heat
Diameter

Air inlet diameter

Fuel inlet diameter

Jet diameter

Mixture fraction
Initial mixture fraction
Axial mixture fraction
Geometry

Height

Kiln height

Ware height

Nozzle height

Impulse flow rate
Initial Momentum
Momentum after z distance
Air demand

Flame length

Mixing

Mass flow rate
Pressure

Temperature

Initial temperature difference
Volume flow rate
volume

Velocity

Fuel velocity

Axial velocity

Mean velocity

Initial fuel mass fraction

Unit

[m’]

[m]

[m]

[-]
[KI/kg.K]
[m]

[m]

[m]
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Xa
YA

Axial fuel mass fraction
Longitudinal dimension

Greek symbols

QO >PE XDM >

Subscripts

Abbreviations

2D

3D

CFD

CAD

tan

Eq

surr.
comb. gas
SST

Par.

Jet angle

Difference

Turbulent dissipation rate
Dimensionless temperature difference
Turbulent kinetic energy

Dynamic viscosity

Excess air number

Density

Porosity

Axial direction
Gas

Incoming flow
Side injection
Jet

Kiln

Main axial flow
Maximum
Minimum
Primary air
Ratio
Stoichiometric
Relative

Fuel

Ware

Mixing length

Two dimensions

Three dimensions
Computational fluid dynamics
Computer aided design
tangent

equation

surroundings

Combustion gas

Shear Stress Transport
Particle
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Introduction 1

1 Introduction
1.1 Ceramic
Ceramic products are commonly utilized in daily life and industries. The term

ceramic [1] is derived from the Greek ‘keramos’ which means pottery. Rrecent
research shows that the processing of clay started around 19000 BC. The
manufacturing process of ceramics involves the thermal treatment, adjustment of
the grain size and moisture of the inorganic substances. Some of them are
completely molten to be formed into ceramics as glass. While others are heat-
treated and made in the ceramic products in the sintered state immediately
before being melted [2].

1.2 Classification of ceramics

Ceramics can be classified in many way. They can be classied as traditional
and industrial ceramics group, also called whiteware.This group includes the
wall and floor tiles, table ware, ornamental ware, sanitary ware and technical
ceramics. Another group is Coarse or construction group, which includes the
bricks and roof tiles, vitrifies clay pipes and refractory products. Figure 1.1
shows another classification of ceramics if consider some of them (ceramics) are
completely molten to be formed into ceramics[2].

Alumina
— Single substance Silica
Zirconia
Advance ceramics
Siliconia
Silicon nitride
Mullite
— Composite Substance Carbon-silicon nitride
Ceramics 1
Silicon nitride-
silicon carbide
Clay ware
Pottery Earthen ware
— Traditional ceramics Glass Stone ware
Refractories Porcelain ware
Cement

Figure 1.1: Classification of ceramic materials [2]
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The third classification based on the manufacturing of ceramic products and
their importance in terms of employment and economics, defined as follows [1].

e Bricks and roof tiles

o Vitrified clay pipes

e Refractory products

e Sanitary ware

e Wall and floor tiles

e Table- and ornamental ware

e Technical ceramics

e Expanded clay aggregates

¢ [norganic bonded abrasives.
Following sections are dedicated to the brief description of some of these
products:
1.2.1 Bricks and roof tiles
Bricks are widely used in construction and manufacturing industries and was
first produced in a sun-dried from at least 6000 years ago. The basic ingredient
of brick is clay. This clay is mined from open pits after that molded and then
fired in a kiln to obtain strength, hardness and heat resistance to form bricks.
Brick usually has a standard size and shape, however, this standard varies
according to different countries. There are different types of bricks
manufactured [4] in order to suit a particular requirement, for example acid
resistant bricks, common building solid bricks, facing bricks, heavy duty bricks,
perforated bricks sewer bricks and soling bricks. Figure 1.2 shows some of these
bricks.

Figure 1.2: Demonstrate types of bricks and roof tiles [4]
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1.2.2Vitrified clay pipes

Vitrified clay pipes in some classification are classified as Stoneware. Primarily
they are produced for stoneware from non- refractory fire clay or some
combination of clay, fluxes, and silica. These components when fired has
properties similar to stoneware made from fire clay. There are various
applications for vitrified clay, including: pipes for drains and acids, and flue in
fireplace as shown in figure 1.3.

(a)
Figure 1.3: (a) Flue used in fireplaces [5] and (b) vitrified clay pipes [6]

1.2.3Refractory products

Refractory products are classified according to their principal constituent
[1]. They are also classified according to high, low alumina, silica and special
products, based on carbon, graphite. Thes ceramics are capable of withstanding
temperatures above 1500°C. Refractory products in a wide variety of shapes and
forms are used in many industrial applications of steel, iron, cement, lime, glass,
ceramic, aluminium, copper and petrochemical industries, in incinerators and
power plants.

1.2.4 Table- and ornamental ware

Table- and ornamental ware can be defined as porcelain, glazed or unglazed. It
is used primarily for artistic purposes as dishes, cups, bowls, jugs and vases as
shown in figure 1.4.
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Figure 1.4: Porcelain [8]
1.2.5Sanitary ware
It is one of the chinaware applications according to some classification [7] used
for sanitary purposes. Typical sanitary ceramic products are lavatory bowils,
bidets, wash basins. Figure 1.5 shows some applications of sanitary ware.

. ;
1

—cr
-~

Figure 1.5: Sanitary ware [9]

1.2.6Technical ceramics

Technical ceramics are applied in many industries, which include vitreous
ceramic whiteware. They cover both established products like insulators and
new applications like supply equipment for the aerospace and automotive
industries (engine part and ceramic brake system), electronics (capacitors),
environment protection (filters) and many others. The following figures show
some types of technical ceramics

Figure 1.6: Technical Ceramics [10][3]
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1.3  Manufacturing process of traditional ceramics (Bricks)
In general the manufacturing process of ceramics is largely dependent on the

materials used and type of final product. The typical process [1] has been show
in the schematic Figure 1.7. Also it is display possible or necessary supply and
disposal facilities. In this dissertation give a description of some of the
manufacturing process of traditional ceramics:

1.3.1 Raw material
Soils are made up of a complex mixture of solids, liquids and gases. The solid

fraction of soils are consists of organic and inorganic components[11]. The
inorganic component of the soil makes up more than 90% of the soil solids.

The inorganic solids in a crystalline structure are called minerals. The inorganic
component includes both primary and secondary minerals.

Clay is an essential raw material for the production of ceramics (bricks). The
common clay minerals are hydrated aluminium silicates that usually founded
from the weathering of rocks[12]. Different types of clay minerals can form
various types of pottery items based on their characteristics. Characteristics of
clay can also affect the quality of the ceramics. Forthermore, clay minerals have
many uses in the chemical and oil industries and could be used in wastewater
treatment and spill control situations.

‘ Tiles l | Sanitaryware l | Tableware | Bricks and
(a) e — roof tiles
s \\\\\; e R J
_ | Dry Grinding | | Wet grinding |* S
Preparation of 7 Plastic
Raw Materials ) - Forming
T— I lGranulation I [Spray-Dryiné'-l g
| B R
| B it
" i
Shabpi Uniaxial Isostatic 3 s e TR
aping Pressing Pressing I Sllp-Caslmg”)ruslon |
\ =5
Drying | Drying |

Firing (b) Firing

Figure 1.7: Stages in the manufacture of ceramic products [1]



Introduction 6

1.3.2 Drying process
Drying means loss of moisture from the surface of the substance by evaporation.

The drying process is an important process affecting the product yield. It is
considered the greatest energy consumer second to the firing process. Although,
the drying speed depends on the temperature and humidity. It requires a longer
time than many of the other processes in a kiln. The waste heat of the kiln is
generally used as the heat source for drying. The relationship between the drying
time and speed [2] is shown in Figure 1.8. The period of constant rate drying
occurs when there is balance kept between moisture shifting from inside the
substance to the surface and moisture evaporation from the surface.

First falling drying rate occurs when moisture shifts from inside the substance to
the surface with reduced moisture evaporating from the surface. The second
falling drying rate period is the period when evaporation takes place inside and
vapor diffuses to the surface without moisture shifting from inside the substance.
Sometimes during drying cracks occur due to shrinking of the green body. This
occurs when temperature gradient is steep under drying conditions between the
constant rate drying period and first falling drying rate period, or when the
temperature is excessively low.

g Constant Rate Drying Period _
g =
73]
o
£ [PERE
s 1st Falling
Drying Rate
Period
2nd Falling
Drying Rate
Period
Drying Time

Figure 1.8: Drying time and speed [2]

1.3.3 Firing process

The firing process is a one of the most important stages in ceramic production. It
could be defined as sintering process. This process is responsible to control
many properties of the final ceramic products such as fire resistance,
dimensional stability, resistance to water and chemicals, abrasion resistance and
mechanical strength. Firing process can be divided in two steps [2]:
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e Room temperature to 900 °C
After drying the green ware may contain 1 to 2 percent moisture before entering
the kiln. This moisture is driven off before the temperature reaches 200°C. The
organic substances contained in the material are carbonized or combusted when
the temperature is between about 300°C and 500°C. During this period the
strength of the material is reduced. The water of crystallization contained in the
material is subjected to hydration and decomposition take place at 500 to
700°C. Because this reaction is an endothermic reaction, heat is absorbed into
the gray body and temperature does not rise. This requires a supply of necessary
heat in sufficient amount. The organic substance carbonized at 300 to 500°C and
exposed to oxidation at about 800°C and so-called soot removal is carried out.
It is necessary to take the time to supply a sufficient amount of air during this
period to remove soot completely. Firing-starts partly at the end of the oxidation
period. The strength of the green body is increased slightly.
e From 900°C to the maximum temperature

Active sintering begins to take place during this period, and the gray body
continues to shrink. Therefore, temperature should be raised uniformly while
sufficient attention is paid to avoid uneven shrinkage and deformation. At this
stage, reduction and sintering may take place depending on the type of the firing
goods. The temperature of the sintered pottery is raised to the specified value.
Then heating is terminated. Table 1.1 shows the firing temperature of different
types of ceramics.

Earth ware 1000-1150°C
Facing bricks and clinkers 1000-1200°C
Silica bricks 1450-1550°C
Vitreous china 1200-1300°C
High alumina bricks 1500-1800°C
Basic bricks 1400-1800°C
Clay blocks 880-1020 °C
Wall and floor tiles 1080-1300°C
Pottery ware 750-950 °C
Stoneware 1130-1280°C
Porcelain 1300-1450°C
Roof tiles 1000-1150°C
Fireclay bricks 1250-1500°C

Table 1.1: Firing temperature of different types of ceramics [1]
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1.4 Kilns classification

1.4.1 Introduction

Kilns are facilities used to house heating for eventual conversion of green clay
ware into hard stone-like ware. The range of kiln used for ceramic production
from ancient times to now is very large. Some classifications depend on method
of firing, direction of flow of gases while transferring their heat to the ware,
accessibility for machine setting and whether the furnace gases come into
contact with the ware or not. If it is investgated in depth, it is found that there
exist not only different typs of the kiln but also many variants with each typ of
kiln. There are two basic types of kilns to produce ceramics if classified on
method of firing:

1.4.2 Intermittent (Periodic) kilns

In periodic kilns, product is loaded, sealed, heated, cooled and unloaded for
every firing. Modern periodic kiln have a few common variants. Fixed-hearth
kiln, which is still one of the most common form for a periodic kiln [1]. It has a
door on the side or top for loading the kiln. The box kiln is a classic example of
a fixed-hearth kiln.

The shuttle kiln has one or more doors and one or more cars that support the
ware to be fired and act as the floor for the kiln. By shuttling two sets of cars to
and from one kiln, the downtime for loading the kiln can be reduced.

This kind of kilns are mainly used for smaller scale manufactureing of
specialized products, such as special shaped bricks, pipe fittings, roof tile fittings
and refractory products, etc. They offer flexibility when the ceramics
composition is altered frequently. These advantages outweigh their somewhat
lower energy efficiency.

The following Figures show the front view and cross-section of a shuttle kiln.

Flue gas ﬂ Ware to be fired

Fired volume
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Shuttle car

AR TR ST

(a)
Figure 1.9: Shuttle kiln (a) cross-section [1] (b) front view [13]
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1.4.3 Continuous kilns

In continuous kilns, once the fire is lit. They keep on operating until deliberately
stopped. Here, either load moves through the firing zone or the fire travels
through the kiln as the fuel inlet position changes. Within these classifications,
there exist many subclasses for each type. While it is impossible to enumerate
all types of kilns, some of the most important kilns are discussed to give an idea
about their technical and operational principles.

e Roller hearth kiln

This kiln is designed as a continuous kiln. The roller conveyer is installed from
the kiln inlet to the outlet and used to carry the product to be fired from the inlet
to the outlet. Initially it was used to produce floor and wall tiles, but lately its
use has been extended to all types of tableware (decoration, biscuit firing, gloss
firing), sanitary ware and even clay materials for civil construction. Compared
to tunnel kiln (which will be explained later), roller hearth kilns do not need the
thermal indifferent kiln cars or the heavy lining and large rail network as the
goods shall be loaded with refractory plates in case they are not suitable to be
loaded on the rollers directly, Figure 1.10 shows the roller kiln with the transport
goods. Furthermore, This type of kilns usually work contineausly. Depending on
the type of insulation and conveyor rollers used, it can operate at temperatures
up to 1250°C for pottery firing and up to 1400 °C for porcelain firing [14].

Kiln wall
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Figure 1.10: Schematic diagram of roller hearth kiln
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e Tunnel kiln
Tunnel kilns are widely used in industry for making ceramics and brick [15]. It
Is an elongated kiln, which looks like a tunnel and is made of refractory and heat
insulated construction material. Inside the Kiln, kiln cars transport the green
wares and eventually the final products. It has a typical length between 35 m and
250 m, width between 1 m and 6 m and height between 1 m and 2 m [16]. The
green wares are loaded on kiln cars and sent to separate champer to remove
moisture. Then green ware is preheated. At enters the kiln from one end. The
kiln cars enter the kiln one after another. Kiln cars move through different
temperature zone along the kiln. Figure 1.11 shown schematic diagram of tunnel
kiln.
Tunnel kiln operating conditions
In tunnel kiln, the green wares are exposed to a sequence of heat treatment stage.
Starting with preheating zone. In this zone temperature of green product
increases gradually until a certain temperature due to contact with flue gases
which are coming from the firing zone.
The second is a firing zone. It is also called sintering zone. This zone is
considered the main zone in the kiln. This zone is responsible to heat up the
green products to the desired temperature by subjecting the green ware to heat
from the combustion of fuel and to produce the products before leaving it. In the
preheating and firing zones, the heat from the high temperature flue gas preheats
the green ware.
The third zone is cooling zone. It is considered the last zone in tunnel kiln,
where the heat is recovered. This zone is responsible to cool down the product
by blowing air at the end side of the tunnel kiln. Therefore, the heat exchanger
in cooling zone acts as a countercurrent heat exchanger.
In general there are three main stages in cooling zone [17]; rapid cooling to
avoid the low- valency Fe to be oxidized, static cooling to avoid cracks in the
products and final cooling to increase the production speed and improve the
productivity. After complete cooling the products are removed and the empty
Kiln car is going to the other side of the kiln, to begin the next production cycle
as shown in figure 1.11.
The heat exchange process in preheating, firing and cooling zones is a
countercurrent. That means the solid on the kiln cars moves continuously in the
opposite direction of the gas flow in the kiln as shown in figure 1.12.
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Figure 1.11: Schematic view of tunnel kiln [1]
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Figure 1.12: Flow direction and temperature profile of goods and gas [12]

The behavior of atmosphere and pressure of the tunnel kiln for porcelain
firing [2] is shown in Figure 1.13. It shows the specific characteristic of high
temperature reducing atmosphere. It is important to ensure a complete oxidizing
atmosphere in the preheating zone. The flow of the combustion gas is constant,
which is going from the firing zone to the preheating zone.

On the other hand, there is a zero pressure line between the cooling and firing
zone. It is achieved by blowing the ambient air at the very beginning of the
cooling zone. It is also useful to avoid the reversal of the air flow from the firing
to the cooling zone [15].
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Figure 1.13: The atmosphere and pressure of the tunnel kiln [2]

Firing Cooling

the following steps must be taken to achieve constant flow of combustion gas
and constant pressure in Kkiln [2]:

e Uniform pattern of the loading (ware) on the kiln car. It is very important to
ensure a stable flow of combustion gas.

e Constant supply of air and fuel.

e Usage of sand to fill the apron of the interior of the kiln to prevent air from
entering the kiln through the bottom of the car.

If sand gets short, it leads to the entrance of air to the kiln and this incoming air
reduce the temperature at the bottom of the preheating zone in the tunnel kiln.
As a result there is greater temperature differences between the top and bottom.
Figure 1.14 shows the sand seal of the kiln.

o Speed of the kiln car should not be changed suddenly. In case of increase or
decrease in the amount of product, it must be changed slowly step by step with
changing fuel.

L IG1n wall

Car apron

Product

\ Kiln car
M - Sand channel

Figure 1.12Sand seal of the kiln.
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1.5 Motivation

Contineous kilns are being used extensively in industry for the productions of
wide range of ceramics. Tunnel kilns and roller hearth kilns are the major
variants of continuous kiln.

Loading kiln car of tunnel kiln for firing is not a simple matter of placing
shelves and stacking ware. The better product quality needs more thoughtful
planning. Ware and shelf placement, the size of the load, the firing
characteristics of the kiln and the type of the ware being fired are all important
factors. Limited amount of heat is available in prehating zone in tunnel Kiln.
This heat is transferred to the surface of the ware and kiln furnature through
radiation and then it is conducted through the thickness of product piece.

If the piece is very thick, it can lead to the higher temperature difference within
the product piece. This uneven heating can lead to the cracks in the ware. Cracks
can also form if pieces are densely loaded or shaded from the heating elements
by kiln furnature or the ware. Most of the gases flow along the gap between
products and walls of tunnel kiln due to the low resistance to their flow than
they face on their passage between the products. Low resistance in gap causes
the gases to have high temperature while higher resistance to flow of gases
through product leads to more heat transfer, hence low temperature of gases.
Thus there exist two temperature zones, i.e. The higher temperature zone close
to the kiln walls and a lower temperature zone in the center of the kiln (between
pieces). This variation of temperature is increased due to the motion of the ware
in preheating zone [18] and the air enterering the kiln when car is pushed into
the Kkiln. Thus their always exists a temperature difference between core and
tangent stream in tunnel kiln. Figure 1.15 shows the gases flowing through the
tunnel kiln.

Firing process occurs in specific volume in the firing zone. This process has a
significant effect on the product quality and fuel consumption.

In roller kilns the injectors are supported on the roof. These injectors contain the
mixture of air and fuel. They also suck air from the surroundings. The influence
of geometric parameters of burners, sucked air, and direction of main flow in
relation to the direction of propagate of flame inside the kiln is not well studied
area. This work is also going to study this part additionally.

This work could contributed to several aspects of industrial interest such as
reduction of cost on maintenance of the refractory walls, improvement in
productivity, increase in the efficiency, optimization of burner position, and kiln
geometry.
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Figure 1.15: Schematic diagram of a part of tunnel kiln

The above considerations show that, there is a need of an understanding of the
process inside the kiln to achieve better mixing quality and temperature
distribution inside the preheating zone. So that a fundamental area independent
of the product can be proposed. Furthermore, there is also a need to understand
firing hence the flame behaviour. This work is going to address these needs.

A 3D- simulation with commercial (CFD) code (ANSYS) will be carried out to
simulate the part of the tunnel kiln i.e. between the cars.

This simulation will be used to study the effect of flow and geometric
parameters on the quality of the mixing and temperature distribution. Also, 2D-
simulation using ANSYS for annular ring burner with different gaseous fuel will
be conducted in order to see the effects of operating and geometric parameters
on the flame behaviour. Additionally 3D-simulation for injector nozzle in the
roller kiln will be carried out to evaluate the maximum velocity, quantity of air
sucked, streamlines and temperature distribution.
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Literature Review
2.1 Introduction

In this Chapter, a brief description of the common features to simulate tunnel
Kilns is presented. Tunnel kilns are not optimally operated. This is mainly due
to the difficulty to collect data from the process in the plant. It makes difficult to
identify the main parameters (ambient temperature, heat losses, complete
oxidation, etc.) that affect the operation. Furthermore, the main factors that
affect the economy of the price are the product quality, the fuel consumption,
the production rate and the heat losses through the walls of the kiln [15].
Therefore, the most commonly used simulation to design and to study the
operation parameters in tunnel kiln.

2.2Modelling of tunnel kiln using CFD (Design and Simulation)

CFD modelling proved to be beneficial to understand the fluid flow, combustion
and heat transfer phenomena in tunnel kiln. It can also help in the efficiency. In
general, the simulation codes of computational fluid dynamics (CFD) are based
on Finite Element Method (FEM) and Finite Volume Method (FVM).

2.2.1 Modelling of the tunnel by a finite volume method

In 2012, A.H. Tehzeeb et al. [20] developed a new model for the brick making
process in a tunnel kiln by using ANSYS. The geometry was created by using
ANSYS Design. The length of the kiln was taken as 100m while the width and
height were taken as 3.2 m and 1.5 m respectively. One-sixth of the width (540
mm) was taken in the simulation as of the geometry of the kiln is symmetric as
shown in Figure 2.1a.

Most of the elements were hexahedral as shown in Figure 2.1b. Turbulence (k-¢)
model was chosen for turbulence modeling, Eddy Dissipation Model (EDM) for
combustion and Differential Approximation (P-1) for radiation.

The assumptions taken for process simulation were state conditions, the
temperature at any cross section remained temporarily constant, and there was
no temperature variation along the brick height inside the kiln. They found the
highest temperature generated and the lowest temperature were about 1350 K
and 300 K respectively. CO2 and NO, volumes generated inside the kiln were
estimated to be 1.01 m*s and 0.108 m*/s respectively. The direction of flow of
air and gas and velocity inside the tunnel were identified. Furthermore, The
results of simulation were validated by comparing with the values provided in
previous research and with real emission data.
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Figure 2.1: (a) Geometry of a tunnel kiln modelled by ANSY'S Design Modeller

(b) Meshing done by ANSY'S Mesh [20]

In 2011 Renato Oba et al. [16] presented a numerical model to simulate a tunnel
kiln used in ceramic Industry. It was idealized as a rectangular structure with
constant width and height of 3 m and 90 m length. The tile load represented as
one block, but porous. The domain of the resolution was divided in sub-domains
for several volumes as shown in Figure 2.2.

The model was solved for the energy distribution in the burning zone, the
radiation between ceramic load and refractory walls, the advection of gases
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inside the kiln and loss of the energy from the kiln to the surroundings. The
results were presented in term of the characteristic firing curve of the kiln, the
temperature distribution in the load, walls and gases.
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Figure 2.2: The left image is a transversal cut while the right one is a
longitudinal [16]

In 2009 Talita Sauter Possamai et al. [21] presented a model of thermal energy
transport in ceramic frits melting kilns with oxy-firing combustion process.
They developed a numerical simulation in Fortran language coupled with
simulation in a CFD software. The rectangular refractory kiln working at a mean
inside temperature of 1400 °C was used as a domain in the analysis.

A non uniform hexahedral mesh was generated for the cavity as shown in Figure
2.3. k-¢ model was adopted for turbulence modelling. The coupled codes were
proved to be a helpful tool in two main aspects. Firstly, by providing a good
estimation of values for different variables which allow easy investigation of the
influence of several variables in the process such as kiln geometry, burner
position, fuel, and oxidizing type. Secondary by providing a better approach
towards the problem the structure of the kiln was not idealized.

CFD results were compared with experimental data and proved that the
mathematical models used in the numerical simulation were consistent in
practice. Furthermore, comparison with global results from the FORTRAN code
were expected to have even better accuracy with experimental values.
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Figure 2.3: Hexahedral mesh properties Number of nodes 304,832 Number
of elements 291,238 [21]

In 2005 Monica F. Naccache et al. [19] presented a numerical simulation of a
tunnel kiln by using Fluent software (Fluent Inc.). This kind of furnace is used
for fabrication of red ceramic, originally with sawdust as fuel.

The analysis was performed in a two dimensional situation and a steady-state
formulation. The combustion process inside the combustion chambers was not
analysed, and the load was considered as a homogeneous porous medium. The
simplified geometry of the tunnel kiln is shown in Figure 2.4.

From the simulation they found the colder region of the preheating zone, the
temperature was almost constant, where at the other regions the temperature
variations were larger, with higher temperatures near the walls and lower
temperatures in the central regions and that at different axial positions in two
sections in the pre-heating zone (x=20m and x=47m), and in one section in the
firing zone (x=62m) as shown in Figure 2.5. They presented a comparison
between numerical and experimental results by using temperature through the
kiln at two positions, y=0.55m, which corresponds to a position near the wall
and at the center of the kiln y=1.225m.

The comparison between the numerical and experimental results showed better
agreement at y=0.55, as shown in Figure 2.6. Moreover, the results showed a
large variation at the lateral section, with very low temperatures at the central
region and high temperatures near the walls. Which indicats less efficient
heating at the center of the kiln, due to low values of porosity and ceramic heat
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conductivity as shown in Figure 2.7. They concluded that the natural gas can be
used as a fuel for this type of furnace.
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Figure 2.4: The furnace geometry [19]
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Figure 2.5: Temperature versus at three axial positions [19]
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In 2006 Friedherz H. Becker et al. [22] studied convective heat transfer under
superimposed longitudinal and cross flow conditions in a fast firing tunnel kiln
for glost firing of porcelain. A commercial CFD-code for the simulation was
used. Due to complexity of geometry, hence huge number of cells. Flow model
was segregated into three (models)

By determined convective heat transfer is using 1:5 cold model of a real existing
tunnel kiln for firing at tableware in which heat transfer (Nuf3elt-number) is
function of Reynolds numbers for longitudinal flow (Re.) and for cross flow
(Reg) as shown in Figure 2.8. A satisfactory compliance between the CFD
results and measurements of total energy demand was found on a real kiln plant.

175
150
125
100

Figure 2.8: 3D-view of the function Nu=f(Re_,Reg) for the middle plate in the
lower level of the stack

Tie Zhanxu et al. [23] in 2009 presented a numerical simulation model of coal
gangue brick tunnel kiln system in a coal mine to study the waste heat recovery.
Also, they analysed the gas flow and heat transfer.

Simulation results show that the layout of bricks has a certain impact on heat
transfer. Optimizing the layout of coal gangue brick in the tunnel kiln can
improve the efficiency of waste heat utilization. They found that, the gas
temperature was higher in the gap between the horizontal and vertical gap
junctions and in the preheating zone (z=14 m) as shown in Figure 2.9.
Furthermore, the gas flows toward through the upper region of the arch was
larger than that through the gap between the bricks as shown in Figure 2.10.
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The authors concluded that, the brick car moves in the opposite direction with
gas flow in the gangue brick tunnel kiln. This movement can make full use of
waste heat. And it can enhance heat transfer between gangue brick and gas by
optimizing the arrangement of the location of rock to increase the gas flow
disturbance. Then the gas can bring more heat to preheating bricks and drying
the wet bricks.
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In 2014 R. Oba et al. [24] presented a thermal analysis of a tunnel kiln used for
the production of roof tiles, fueled by firewood and shale oil.

They used a three dimensional numerical model based on the finite volume
method to model the thermal behaviour of the kiln. The kiln was idealized as a
hexagonal prism and the load was considered continuous over the entire Kiln
length and is in form of one block. The cross section of the load configuration
and dimensions is shown in Figure 2.11. The fuel combustion was treated as a
one step complete reaction. Surface to surface radiation between the kiln walls
and load surfaces with nonparticipating media was considered. Furthermore,
they used the prescribed flow of flue gas and air to overcome the obstacle of
high computational cost due to the large dimensions of the numerical domain.
The numerical results (temperature distribution in many positions) were
compared with experimental measurements. Figure 2.12 presents the
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experimental and numerical mean temperature distributions for the gas flow
inside the kiln, along the length and near the load surface. It indicated that there
Is a good agreement with experimental measurements. The results showed that
35% of the energy input to the kiln through fuel combustion is lost through the
walls and roof to the surroundings. Also, radiation heat flux was more
significant to heat transfers to and from the load accounting for more than 75%
of the heat transfer.

Finally, the researchers concluded that the temperature and heat flux
distributions estimated by the numerical model can be used to optimize the
efficiency of the Kkiln and to better control the heating and cooling of the load.
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2.2.2 Modelling of the tunnel by finite element method

In 1994 Boming Yu [25] developed a dynamic model of a tunnel kiln, based on
the transient heat conduction occurring in the products (or wares) and in the
lining bricks of kiln cars, as well as on the gas continuity, heat balance, and
material balance equations. He simulated two oxygen schedules under one firing
schedule and three lining brick structures. The length of the tunnel kiln was 72
m that was used for firing bricks.

He found that the different lining brick structures do not seriously affect the
temperature profiles at the interface between the blades and lining bricks as
shown in Figure 2.13. Furthermore, heat storage in the wares was much greater
than in the lining brick with different lining brick structures as shown in Figure
2.14. The heat storage rate in ware at a typical heating location was much
greater than that in lining bricks as shown in Figure2.15. Boming Yu also
concluded that his dynamic model can be used not only to describe the
thermodynamic processes, but also can help to design a tunnel kiln and to
compute heat balances.

+ + i t +
0 116 mm 232

Figure 2.13: Typical temperature profiles at the interface between the blades and
lining bricks at the last soaking location for different lining bricks
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In 2009 Vicent et al. [26] presented a numerical simulation of tunnel kiln used
for firing clay tiles, bricks, and similar products with natural gas and sawdust as
fuels. They developed a thermal model which allows efficient and less energy
consuming design. The results demonstrated the amount of reduction in fuel
consumption to increase in the thermal insulation thickness used on the wall and
the influence of the load internal area on the heat exchanged with combustion
gases inside the kiln. The results were also shown for the effectiveness of the
heat exchange inside the load stacks which occurs above a threshold value for
the internal area to external area ratio. The results showed the need to use a
larger number of less tortuous channels inside the load to promote efficient gas
circulation. Also, the numerical simulation results were compared with
measured values.

2.3 Mathematical models
Mathematical modelling of the tunnel kilns can be used as a tool to improve the
operation conditions and design. The appropriate control strategy is used in
order to satisfy the quality constraints and to minimize the fuel consumption.
The mathematical models of tunnel kilns classified in two main parts are:

2.3.1 Mathematic model for whole tunnel kiln, preheating zone
In 2011 Mancuhan et al. [27] developed a one dimensional model to simulate
the drying process of bricks in the preheating zone of a tunnel kiln. This model
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was used to describe the gas flow, heat transfer between gas and bricks and
evaporation of bound water. Two different profiles and vent locations in the
preheating zone for the ambient air were used to achieve the desired gas
temperature for high quality bricks. Furthermore, the simulation results were
compared to measured plant data.

In 2008 O.B. Gol tsova et al. [28] developed mathematical model of a brick
firing kiln. It could be used to maintain the process parameters in real time as a
function of the amount of brick manufactured.

The kiln was divided into 48 zones as equal processing zones and assumed that
the temperature in each zone was constant and it did not depend upon of time.
The results of theoretical calculation were compared with experimental
observation. They found that the mathematical model was satisfactory and it
reflects the real operation of the kiln. Furthermore, The rhythm of operating
conditions varies up to 10 times each month that which affected the quality of
the bricks. So, the power consumption is a large.

G. Halasz et al. [29] in 1988 proposed a 1-D model of tunnel kiln in the form of
an integral equation. The boundary conditions were characterized by kernel
function. The parameters of this kernel function could be measured directly on a
real kiln. They proposed a simple optimization procedure for minimization of
the specific energy with respect to unit product mass in the steady-state of the
kiln. Technological requirements were given in the form of inequalities for the
temperature and temperature gradient of the product in the kiln. Frome results,
the optimal condition for tunnel kiln could be found and 5-8% energy could be
saved.

In 2006 J. Durakovic, et al. [30] proposed mathematical model to define
temperature fields inside a tunnel kiln during brick production process at real
conditions. It was used to analyse all significant parameters that affect fuel
consumption. They concluded that kiln in ceramics industry can be optimized
according to requested quality of products which ought to use minimal fuel
consumption. The results showed that the heat can be expressed by temperature.

Zuobing Chena et al [31] in 1999 presented an intelligent computer-aided design
system for ceramic kiln with an object-oriented database. The kiln structure was
separated from up to down because of the complexity of geometry. They
established the structure graph of knowledge separation according to the frame
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class tree in the integrated intelligent CAD system. They provided results as a
foundation for the intelligent automatic design of ceramic kilns.

In 2009 Ebru Mancuhan [32] analysed and optimized the drying of green bricks
in a tunnel dryer. He used 1D-model to find the total cost of the energy required
for drying. The cost of the electricity consumed by the fans for the circulation of
the drying air was also included in the objective function. Drying process is
required for the removal of most of the water in the green brick body to reduce
the water content of the brick to about 10% before firing in the tunnel kiln.
Without this preheating step, the water within the clay body turns to steam in the
firing process and damages the bricks severely. Microsoft Excel solver was used
to find the optimal values of the hot and outdoor air mass flow rates per
kilogram of the brick to realize optimization of the drying process. The results
showed that 59 to 62% of the total energy was used for drying per unit of green
bricks.

2.3.2 Mathematic model for firing zone

Sinem Kaya et al in 2009 [33] improved firing zone of tunnel kiln to minimize
the fuel cost as being the objective function by finding the optimal operating
variables. Mathematical models were used to represent the simplest form the
phenomena of heat transfer, combustion of admixed coal and pulverized coal,
together with gas flow. The optimized value of pulverized coal was found to be
lower than that the existing in tunnel kiln. Therefore, it makes a certain decrease
in the plant operating cost when based on yearly production. They concluded
that the overall energy balance predicted an energy use of 3385 KJ/kg brick,
which is 2.7% higher than the optimized results.

S.H. Pulko et al [34] carried out modelling of tunnel kiln to study the behaviour
of ceramics during firing and their variation with time. The TLM technique was
used to model heat conduction within the ceramic, to represent the change of
state and chemical reaction. It was coupled with a model of deformation, in
order to predict the effect of the firing schedule on final piece geometry. Effect
of radiation was considered to occur between the surface of one ceramic body
and another. It was also considered between a ceramic body and the kiln walls,
kiln function and any visible burner. The results demonstrated the feasibility of
the deformation of the a piece of ceramic during firing.
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Maria da Carvalho et al in 1997 [35] presented a 1-D mathematical steady state
model and dynamic models of a tunnel kiln for ceramics firing to find optimal
operating condition. The steady state model was used to compute the ware and
gas temperature profiles along the kiln, for given cooling air, extracted gas, in-
leakage air, fuel and combustion air flow rates. Dynamic model was accounted
for the transient behaviour, as well as the injected air, extracted gas, and fuel
flow rates. Furthermore, the models were validated against available from
measurement data obtained on a tunnel kiln for the firing of building bricks in
the heavy clay brick industry.

Sinem kaya et al [15] in 2008 optimized heat recovery in firing zone of a tunnel
kiln, by finding the optimum suction and blowing air as shown in Figure 2.16.
In addition to the ambient air flow rate entering from the brick exit side to
minimize the pressure drop. The mathematical model presented the phenomena
of heat transfer and fluid flow. Also, it was developed to compute the state
variables such as the air mass flow rate, brick and air temperatures along the
cooling zone of a tunnel kiln. They also found that the temperatures measured
from the cooling zone were practically values between the brick and air
temperatures as shown in figure 2.17. Furthermore, the minimum pressure drop
was obtained by considering the tunnel kiln’s cooling zone composed of two
regions of suction and two regions of blowing.
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Figure 2.16: Cross section view of the Figure 2.17: Comparison of the
tunnel kiln with brick loads and kiln car measured temperature to the

computed air and brick temperature

Robert H. Essenhigh in 2001 [36] presented an analysis of tunnel kiln to
determine the relation between input energy (Hy) and useful output energy (Hs).
The firing equation in standard form was found by integral energy equation. The
analytical structure was developed specifically for the tunnel kiln, and it was


http://www.sciencedirect.com/science/article/pii/S1359431107001275#gr3

Literature Review 28

represented as a firing section flanked by two upstream and downstream heat
exchanger (A and B) as shown in Figure 2.18. He believed that the general
design and theoretical structure have potentially wider application in heat
exchangers. From the analyses he established the thermal and processing
efficiency for the optimum design and configuration at the theoretical adiabatic
limit. The thermal efficiency for the system converges to 100%, and the
processing efficiency can converge to infinity. These are limits that are
Impossible to achieve in practical operations, but he proved it could serve as a
basis for evaluating expected design performance.
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Figure 2.18: Schematric of continous tunnel kiln represented as a central firing
section (F) flanked by two heat exchangers (A and B) [36]
Where:
Material flow is from left to right; air/POC flow is from right to left
Air and raw materials to be processed (cold entrance)
Hs: Input enthalpy from fuel into firing section
Hs: Enthalpy of preheated raw materials entering firing section
Har: Enthalpy of preheated air entering firing section
Hy: POC exhaust enthapy leaving firing section
Hs: Enthalpy of processed material, leaving firing section
He: POC exhaust enthalpy leaving kiln
Hse: Enthalpy of cooled processed mate- rial leaving kiln
Hso: enthalpy of raw material entering Kiln
H,.: wall loss.

In 2014 Ana Mezquita et al. [37] presented a calculation methodology, based
on certain kiln operating parameters to obtain energy to save in tunnel kiln. They
proposed a part of cooling gases must be recovered in the firing chamber and it
should not exhaust into the atmosphere as shown in figure 1.19. They
concluded that, the profiles of static pressure and oxygen content in the studied
ceramic tile kiln confirmed that gases circulate from the fast cooling zone into
the combustion chamber. Furthermore, they determined the air and gas volume



Literature Review 29

flow rates in each burner ring and the oxygen content in the kiln chamber
enabled the gas volume flow rate from the cooling to the firing zone.
Furthermore, the results were compared with experimental data as shown in
Figure 2.20. And they conclude that 17% of energy could be saved in the kiln.
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Figure 2.19:Scheme of the studied ceramic tile kiln [37]
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Figure 2.20:Simulation for oxygen content in the kiln [37]

Manchu Han et al. [38] in 2006 proposed an optimization process for fuel and
air used around a tunnel kiln. This optimization was special for tunnel kiln
producing bricks with a low calorific value using coal as an additive.

The data from plant was used to calculate energy to be supplied by fuels, using
mass and energy balance. They found that an advantage to use admixed coal for
both cases pulverized coal or natural gas in the firing zone.
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Admixed coal improved heating value of pulverized coal, thereby causing no
significant change of the fuel cost. Natural gas eases the combustion and thus
satisfies a good control of the temperature profile in the firing zone, and
decreases environmental degradation.

2.4 Conclusions of literature review
This brief literature review provides guidelines and an extensive background for
the present study. The literature survey of the previous work shows that the
FVM has been the most frequently used CFD code in tunnel kiln research, but
few papers published, indicates the use of FEM. Several problems associated
with thermal process were identified. Some researchers employed CFD to
simulate a tunnel kiln applied in the ceramic industry to investigate the
temperature profiles during firing, emissions, heat transfer, air and gas velocity,
and flow direction inside the tunnel kiln.
On the other hand, the mathematical models have also been developed to
simulate the thermal process and find the relation between input and useful
output energy and energy saving in certain tunnel kilns. Notably, most of former
searches are based on the brick tunnel kiln.
It is important to have a homogeneous condition in the kiln cross section. From
the literature review, it is clear that the most of models and studies assumed a
homogenous gas distribution in the cross section and there is no such research
that focused on distance between cars. Furthermore, specific distance between
the kiln cars (firing chamber) makes the study of the flame behaviour is
important.
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3. Computational fluid dynamics modelling using ANSYS

3.1 Introduction
Computational Fluid Dynamics or CFD is the analysis of systems involving

fluid flow, heat transfer and associated phenomena such as chemical reactions
by means of computer-based simulation. The technique is very powerful and
spans a wide range of industrial and non-industrial application areas. Some
examples are listed below [39]:

e Acrodynamics of aircraft and vehicles: lift and drag.

e Hydrodynamics of ships.

e Power plant: combustion in IC engines and gas turbines.

e Turbomachinery: flows inside rotating passages, diffusers etc.

e Electrical and electronic engineering: cooling of equipment including
micro-circuits.

e Chemical process engineering: mixing and separation, polymer
moulding.

e External and internal environment of buildings: wind loading and
heating/ventilation.

e Marine engineering: loads on off-shore structures.

e Environmental engineering: distribution of pollutants and effluents.
e Hydrology and oceanography: flows in rivers, estuaries, oceans

e Meteorology: weather prediction.

e Biomedical engineering: blood flows through arteries and veins.

The commercial CFD programs have many default settings and can almost
always give results from the simulations, but to obtain reliable results the model
must be chosen with a logical methodology. A converged solution displays the
results of the specifically chosen models with the given mesh, but it may not
reveal the whole truth. So that without proper understanding of the CFD
program and the modelling theories behind it, CFD can be limited to colourful
fluid display. For a good understanding CFD simulation, fluid flow
characteristics need to be understood along with the provided options in the
CFD software.
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Figure 3.1: Some common CFD applications
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3.2 Fluid Flow Characteristics

It is useful to classify flow simulation in CFD into the following categories:
laminar-turbulent, steady-unsteady-transient and single phase-multiphase.

The laminar flow is a definition of higher order fluid motion and is characterized
by smooth layer. In this flow, Navier-Stokes equations that describe the
momentum transport of flow, dominated by viscous f