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ABSTRACT

The main objective of this study was the modelind aimulation of the heat transfer during the
process of injera baking. In doing these, matherabthodels and finite element formulations for
baking pan and injera during baking was developedhis study, thermo physical properties of
injera were studied analytically and were usedtlier temperature profile prediction using the
numerical model. The main properties of interestrewspecific heat capacity, thermal

conductivity, and density.

The mathematical model of injera during baking egpl the coupled partial differential
equations proposed by Luikov. Resulting system arf hnear partial differential equations in
time and two space dimensions were reduced to @gebystem by applying the finite element
numerical method. The fundamental two-dimensiondsyemetric transient finite element
model with triangular elements to predict the heantsfer for the baking pan and heat and mass
transfer that occur during baking of injera wasvedl using the Finite Element Method by
MATLAB. The backward difference time stepping teijue was used for the transient analysis.

The simulation was done in terms of temperaturdélprduring heat up, and cyclic injera baking.
Simulation was carried out for four different inputated oil temperatures (250, 275, 300, and
325°C) and for four different electric power sources3@l., 2.2, 2.5, andk3V). Two types of
baking pans (clay and ceramic) with different tinekses were investigated. Experiments on
conventional clay baking pan were conducted to omedseat up time, and mass balance of batter
and injera. The heat up time obtained from simatatvas compared with experimental test; from

the comparison a relatively good agreement wasradita

The energy utilization and efficiency of electrieking pans were determined based on the
amount of energy baking pans use in a baking se$sia given power input. A relatively better
efficiency was obtained for 1@n thick clay and 8umn thick ceramic baking pans with a power
source of 2.6W. While the 1@hm pan was not practically realized, thew® ceramic pan

manufactured by Tabor ceramic factory is curreatiger study.

Key Words: Finite element method, Injera, Heat Btass Transfer, Simulation, Efficiency.
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CHAPTER ONE
INTRODUCTION

Food processing involves heating or cooling of feodterials of various compositions over a
broad range of temperatures. The optimal desigoradfesses requires knowledge of engineering
properties of the food materials including thernaald physical properties as a function of
variables that are relevant to processing conditidbesign of baking processes is possible
through the use of mathematical models. Mathemlatigadeling enables a mathematical
definition to the baking process and allows qugirtd the interactions between the product and

the baking pan environment.

According to Luikov, baking is modeled generally @assimultaneous heat and mass transfer
process. Lukov’'s heat and mass transfer model pillagy porous media has been employed to
simulate temperature and moisture movement dutdkgnlg of various food stuffs [12, 16, 21, 40,

45, 50, 51, and 52]. Knowledge of accurate heatrands transfer parameters is important for
modeling processes during which simultaneous hedtnaass transfer take place. Baking is one

such process which is performed by putting the foaderial on hot pan until it is cooked.

During the baking process, heat is transferred fitwerhot pan to the surface of the food material,
while moisture is transferred from the interioithe surface of the product. As a result, change in
temperatureand moistureconditions develop as cooking proceeds, and brooyiathe desirable

characteristics (color, texture, and flavor) of thed.

1.1 Background of the study

Injera is the most popular baked product in Etracgoid some parts of east Africa. Preparation of
injera usually takes two to four days from miximmgdooking. It can be produced from teff and
other powdered cereals. The main components ofingffa are carbohydrate, protein, fat, ash,
fiber, and moisture constituting the major parteTihjera batter is poured on top of a hot baking
pan at sizes of two to three millimeters. Injersasd to be baked when its surface temperature
changes from the initial temperature to the boilrmint of water around that area (902G} [13,

14].
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Injera baking pan (“mittad”) is a house hold equgmin used for the baking of Ethiopian
traditional food (“injera”). The most widely usedogs of baking pans use electric and biomass as
a source of energy. Baking pans are responsiblettfer majority of house hold energy
consumption [13, 14].

The conventional electric baking pan (“mittad”) emts of clay cooking plate (measuring 0.50-
0.60n in diameter and 0.@2in thickness) with electric heating elements(s&ss) embedded on
the grooves at the back side of the baking parerAfte heating elements are buried inside the
grooves the bottom of the pan is covered with ggp$or insulation. The pan is supported at the
bottom by a flat galvanized iron sheet and on tldessby a cylindrical galvanized iron. The
surface of the pan is smooth to create non-stickfase, so that injera will be easily separated
from the pan after baking.

(b) (c)

Figure 1-1: a) Back side of baking pan and its groove b) Bglkian with resistors embedded and

molded with gypsum c) Assemhtedventional baking pan

The heat transfer during injera baking involves fbBowing processes, heat transfer from
different sources (electric or solar sources) ®libking pan (“mittad”) , and from the “mittad” to

the injera and to the sides of the baking pan tjinoa combination of different modes of heat
transfer(radiation , convection, and conductionkignificant amount of energy is lost during the
process of injera baking.

A limited research has been done on the heat gaasfalysis of injera baking pans (and injera

baking in general). An experimental work and maouglof the transient heat transfer analysis of
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electric injera baking pan was done by Assefad2jtitain optimized geometry of the baking pan
("mittad”) and the appropriate power source. Morathe study of a baking pan with alternative
energy source (solar energy using oil as heat femmsedium) was also studied. Assefa in his
work proposed 0.0& plate thickness with 2i37 power input as an efficient baking pan.
Considering the potential use of analyzing thet Hemnsfer during injera baking, where a
significant amount of electrical as well as otheurses of energy are used, this study will be
carried out to obtain preliminary information oretiperformance of baking pans and power

sources

1.2 Objectives

1.2.1 General objectives

The general objective of this thesis was the madedind simulation of heat transfer in injera and
baking pan during baking. To achieve this objecavieansient heat transfer mathematical model
for the baking pan, and a simultaneous heat and tmassfer model for injera during baking was
developed followed by finite element formulationBhe formulated empirical model was
simulated with the appropriate boundary conditiand thermo-physical properties of baking pan

and injera.

1.2.2 Specific objectives
The Specific objectives of this thesis are:

Review of literatures related with:

» The determination of thermo-physical properties.
» Modeling of different food processing.
- Study geometry of the baking pan, injera, and peepasimplified model for the analysis.
- Determination of thermo-physical property of injera
- Determination of boundary conditions.
- Perform experimental investigation on existing &lednjera baking pans.
- Conduct simulations during heat up and cyclic imjbaking for different types of baking
pans (clay, and ceramic), and different power seairc

- Determination of efficiency, and proposing enerfficent baking pan.



CHAPTER TWO
LITRATURE REVIEW

A substantial number of studies have been repant¢ke literature on food processing (drying,
baking, frying etc). Some of them are reviewedhis section. The literature review part of this
thesis consists of two sections. The first sedsoa review of thermo-physical properties of food
stuffs and their determination. The second seagorews the heat transfer theories, models, and

the relevant numerical techniques used in foodgssiag.

2.1 Thermo-physical Properties

Thermo-physical properties of foods are importamt rhodeling and optimization of processes
involving heating and cooling. The properties used mathematical model of heat transfer are
usually thermal conductivityk, specific heatd,), and density4). An improved knowledge of
these thermo-physical properties of foods is essemt accurately predicting temperature
changes, process duration, and energy consumptiongdprocessing. Among these properties,
specific heat and density are significant in analyanass energy balances; thermal conductivity
is the key property in determining the rate of thar energy transfer within a material by
conduction; and the combination of these three gnmtags, thermal diffusivity, is a key property in
the analysis of transient heat transfer. In thd gaars, much research have been involved to
determine thermo-physical property of differentdagiuffs: soy been [43], chick pea [34], bread
dough [12, 21, 40, 45, 49, 50, 51], Indian flatdutéchapatti)[18], cereal flours[17] are some of
them.

The thermo-physical properties of a food dependghentemperature, the material chemical
composition (i.e. carbohydrate, fat, protein, ddler and water contents), and physical structure.
Since foodstuffs are composite materials, it isaappt that the relevant information is the average

value. This value is clearly some function of thoséhe components [1, 23, 25, 34, and 42].

Thermo-physical properties of food stuffs can eitle obtained experimentally or using

analytical methods based on composition. In thigsi) the analytical method based on
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composition is used for the determination of theyhgsical property of injera. The analytical
method uses composition data in conjunction withperature dependent mathematical models of
the thermal properties of individual componentshe Tpercentage composition of the major
components of fermented cereals is given in the F&gort [15]. The percentage composition of
teff injera taken from the FAO report is shown iable 2-1.

Table2-1: Percentage composition of injera

Major components Percentage by mass, (%)
Carbohydrate 33.9
Protein 4.2
Fiber 1.7
Ash 1.5
Fat 0.6
Moisture 58.1

2.1.1 Specific Heat Capacity

The specific heat of food stuff is defined as thargity of thermal energy associated with a unit
mass of the food and a unit of change in tempezaflinis thermo-physical property is often
referred to as heat capacity and is an essentiapgoent of a thermal energy analysis on a food

product, a thermal process, or processing equiposatd for heating or cooling of a food.

Specific heat capacity depends on the nature oh#a addition process in terms of either at
constant pressure or at constant volume. Howevace spressure change in heat transfer
problems of food materials are usually very snthk specific heat at constant pressure is most
often considered [1, 2].

Specific heat is the ratio of heat losses or gaitoetmperature change for a unit mass [24, 33,
37, 41, and 46]:

c, = —— (2.1)

Where:
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¢, = specific hedV//kg.K),
Q=heat loss or gainedy

AT =temperature chan@€), and
m= mass of the foddg).

In the past, different empirical equations have nbgeoposed by different researchers to
determine specific heat. One of the earliest mottelsalculate specific heat was proposed by
Siebel (1892) [33]:

¢, = 0.837+3.349x,, (2.2)
Where:
x,,= mass fraction of water.

The influence of product components was expressad empirical equation proposed by charm
(1978) as [23, 33]:

cp = 4187x,,+2093x,+1256x; (2.3)
Where:
xs= mass fraction of fat, ana,= mass fraction of solids.

Choi and okos (1983) gave a more generalized equir specific heat which takes into account

the composition of food [1, 33] as:
cp = 4180x,, 1711, +1928x+1547x,+0.908x, (2.4)
Where:
x=mass fraction of each component, and
The subscripts are:

w=water,p =protein,f =fat, c =carbohydrate, anad =ash.
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An additional dimension of the dependence of spehi#at on composition was suggested by

heldman and singh [23]:
cp = 4187x,+1549x,+1675x,+1424x,+0.837x, (2.5)

Gupta (1990) suggested the following equation tertene the specific heat of food products as

a function of temperature and water content inrageaof 303-338 and in a moisture content
range 010.1%-80%.
cp = 2477+2356x,,+3.79T (.6

A more comprehensive model for the prediction dacsfic heat of food was published by Choi
and okos [17, 23, 25, 42, and 46]:

Cp = Z XiCp (2.7)

j=1
= Xy Cpw T Xp Cp X Cp X Cpe X CpaTXfib Cprin
Where:
cp= specific hedt//kg.K),
cp;= specific heat of the components of the fabdg.X), and
x;= percentage composition of the components.
Empirical equations used for the determinationhef $pecific heat of the major components of a

food (c,;) are given in Table 2-2 [1, 23, 25, and 42].

Table2-2: Models of specific heat for major components aid®

Components Equations
Carbohydrate ¢, = 1.5488+1.9625x107° T — 9399x107°T2
Ash ¢, = 1.0926+1.8896x107°T — 3.6817x10°T?
¢, (J/kgK) | Fier ¢, = 1.8459+1.8306x107T — 4.6509x10°T?
Fat cp = 1.9842+1.4733x10°T — 4.8008x10°T2
Protein ¢, = 2.0082+1.2089x10°T — 1.3129x10°T?
Water(0<T<150) ¢p = 4.1762 — 9.0864x10°T+5.4731x10°T?
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2.1.2 Thermal Conductivity

Thermal conductivity of a food is the quantity afat that flows per unit time through a food of
unit thickness and unit area having unit tempeeatlifference. Thermal conductivity can be
either determined experimentally or through matherab estimation. A simplified
approximation for thermal conductivity is given[as24, 26, 37, and 41]:

_ Ox
k=22 (2.8)

Where:
k= thermal conductivity'/m.K),
Q= rate of heat input),
x= material thickness parallel to heat figw),
AT=temperature changeQd), and

A=contact area normal to direction of heat flew¥).

A number of physical models have been proposedéddigt thermal conductivity of foods. The
most common models are those assuming that ditffenponents are arranged in layers either
parallel or normal to the heat flow, resulting iretfollowing expressions based on the electric
analogy of heat transmission [25, 42].

Series model:- in this model, layers of components placed nértoahe heat flow, in a series

arrangement of resistances and the effective tHeromauctivity k can be calculated as follows:

1

k=——"—
YrEi/ki

(2.9)

Where:
k= thermal conductivity{'/m.K),
g;= volume fraction of** component phaga?), and

k;= thermal conductivity of*" phase {/m.K).
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Parallel model: - in this model, layers of components are plaoethe direction of the heat flow,

in parallel arrangements of resistances. The @fethermal conductivity is given by:
k=X kg (2.10)

The volume fractions in Eq. (2.9) and Eqg. (2.10) ba calculated from the mass fractianand

intrinsic densitiep; as:

Xi/pi
X/ pi

& = (2.11)
Where:

&; = volume fraction of each food compositiar?),

p;= density of each food compositidg/m3), and

x;= mass or weight fraction of each food composition.

Random model: Woodside and messmer (1961) proposed an inteateediodel, which is the

weighted geometric mean of the component phasesante written as [25, 42]:
k = kitky2ks® .. ... kim (2.12)
Another empirical equation is developed by swearsblid and liquid foods [34]:
k = 0.58x,,%0.155x,+0.16x,+0.25x.+0.135x, (2.13)

Marakami and okos (1989) considered thermal pragsedf 15 different food powders from
literature and observed that all data points falklee range defined by values predicted by series
and parallel models. It was observed that the lghralodel defined the upper limit while the

series model defined the lower limit of the preidics [1].

An empirical relation for the determination of the conductivity of major components of foods
is given in Table 2-3, [1, 23, 25, and 42].
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Table 2-3: Models for thermal conductivity of major comporgenf foods

Components Equations
Carbohydrate k =0.20141+1.3874x107T — 4.3312x107°T?2
Ash k = 0.32962+1.4011x107T — 2.9069x10°T?
k(W/mK) | Fiber k = 0.18331+1.2497x10°T — 3.1683x107°T2
Fat k = 0.18071+2.7604x 10T — 1.7749x107T2
Protein k = 0.17881+1.1958x 10T — 2.7178x10°T2
Water k = 0.57109+1.7625x10>T — 6.7036x10°T2

2.1.3 Density

Density is the ratio of mass to volume of a matefensity of food products is an important
property in analyzing food processing operationengity is closely related to porosity and
moisture content of food. The structure of food enats can be characterized by density
(apparent and true), porosity, specific volumetiplar density shrinkage and so on. Among these,

density and porosity are the most common struchingerties.

Apparent densityd,,,): concerns powdered and porous materials andigtermined by the mass

of the sample and its apparent volume.

_ Mt

pap - (214)

Vi
Where:m, is the total mass, arid is the total volume of the sample including thegso

True density g4r): is the density excluding all pores and it is deieed by the mass of the

sample and its true volume.

pr=—t (2.15)

»

Where:V, = V;+};,, is the total volume of the sample excluding pdrxedume of dry solids and

water).
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Density is an intensive property it depends diyeatl the mass fractions of the major components
of the food and can be found from [7, 23, 25, aBd 4

1
== 2.16
,D Z?=1xi/pi ( )
Where:
p= density of the produdig/m?),
p;= density of each food compositidg/m3), and

x;= mass or weight fraction of each food composition.

An empirical relation for the determination of deyp®f major food components as a function of
temperature is given in Table 2-4 [1, 23, 25, aP{d 4

Table 2-4: Models for density of major components of foods

Components Equations
Carbohydrate p= 1.5991x10°-0.31046T
Ash p = 2.4238x10°-28063T

3 -
plkg/m”) " Fiber p = 1.3115x10° — 0.36589T

Fat p = 9.2559x10% — 0.41757T
Protein p = 1.3299x10° — 0.51840T
Water(0<T<150) p = 997.18+3.1439x107T — 3.7574x107T?2

11
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2.1.4 Thermal Diffusivity

Thermal diffusivity indicates how fast heat prop@gathrough a sample while heating or cooling.
Thermal diffusivity is a parameter used in the heatsfer calculation by conduction. The rate at
which heat diffuses by conduction through a mateiggpends on the thermal diffusivity and can
be defined as:

a=— (2.17)
Where:

a=thermal diffusivity (:%/s),

p =densitykg/m3),

c, =specific heat capacity/kg.K)), and

k= thermal conductivity{'/m.K).

Thermal diffusivity can be determined either byedirexperiment or estimated from the thermal
conductivity, specific heat, and density data ustag (2.17).

2.1.5 Moisture Diffusivity

Moisture diffusivity, D is the rate at which moisture diffuses through aemma. Moisture
diffusivity is an important transport property nesary for the design and optimization of all the
processes that involve internal moisture moveniéink’'s second law is used in liquid diffusion

theory to establish moisture diffusion as a funtd the concentration gradient [25, 42]:

%:%@%) (2.18)

Where:
w = concentratiofkg/m?),
t = time(s),
x = material thickness along direction of mass trarisf), and

D = diffusion coefficient £2%/s).

12
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2.2 Heat Transfer Theories, Models, and their Application in Food Processing

This section reviews the heat transfer theoriet pwitase change, the models to which the heat

transfer theories apply, and the different typeswherical techniques used in food processing.

2.2.1 Heat Transfer with Phase Change Theories

The analysis of heat and mass transfer in a fostésyis very important because food properties
change with temperature and moisture movement gltin@ process. A mathematical model used
to describe simultaneous heat and mass transfémgddrying and baking was proposed by
Luikov [30]. The concepts of irreversible thermodymics and the concept of moisture transfer
potential for water movement in a capillary porduagly are applied in the model. The Lukov’'s
mathematical model employs the following two asstioms. Pressure gradients within the

porous body are very small, and external resistembeat and mass transfer is negligible [58].

The interrelation between liquid and heat tranbfstomes closer when liquid evaporates inside
the porous body. In this case mass inside thelaapporous body transfers not only in the form
of liquid but in the form of vapor as well. For shieason using separately differential equations
(Fourier's equation for heat transfer and Fick’'suatpn for mass transfer), the interrelated

differential equations are employed for heat andsrieansfer in capillary porous bodies [30].

2.2.2 Heat Transfer Modéesand their Application in Food Processing

Various mathematical models have been developedliftarent types of food stuffs and are
applied for different types of food processing iffi; drying, and baking). Some of the models

are reviewed as follows.

Adefemi Farinu [1] shows the relationship betweeathtransfer coefficient and mass transfer
coefficient in determining the rate of heat and snmansfer during frying of potato chips under
turbulent condition of frying. Comini and Lewis [Q]se the finite element method for the
numerical solution of two dimensional heat and maassfer problems in porous medium. A
model for simultaneous heat, water and vapor ddfusvas developed by Thorvaldsen, and
Janestad, [24] to use for the prediction of thdudibn of water inside foods during heat

processing. The model was based on Fourier’s aridsHaws applied for drying process.

13
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A model for convective oven cake baking process imasstigated [31] by experimental and
numerical methods as a simultaneous heat and maasser process. The heat and mass transfer
mechanisms were defined by Fourier's and Fick’'®sddaws respectively. A heat and moisture
transfer model was developed by Sabapathy [34}edigt the heat and moisture transfer within

chickpea during cooking.

A set of coupled heat, mass and pressure trangfextions proposed by Luikov [1975] was
employed by Irudyaraj [46] to model the heat, Massl pressure transfer phenomenon in a
composite food system during drying. A lot of resbahas been done on bread baking [12, 16,
21, 40, 45, 50, 51, and 52] to investigate sim@tars heat and mass transfer analysis.

2.2.3 Numerical Techniques Used in Food processing

Numerical solution techniques are usually easianthnalytical techniques since engineering
problems involve ordinary or partial differentiadjiations which may not be solved with the
analytical solution techniques. In food process atiod, the finite element and finite difference
methods are commonly used especially in solvingigadifferential equations. The finite
difference method is the oldest discretization rodtfor the numerical solution of differential
equations. The latest numerical technique, théefieiement method has been successfully used to
model several food processing operations, amorsy fihyiing [1, 51], bread baking [9, 16], and

drying [46] are some of them.

The most attractive feature of the finite elemergthnd is its ability to handle complex
geometries (and boundaries) with relative easeléNimite difference method in its basic form is
restricted to handle simple shapes. The handlingyezfmetries in finite element method is
theoretically straightforward although the problemcomputational time is strongly influenced
by the ability to precondition the problem. Moreeothe finite element method can handle non —
homogeneous materials easily. In comparison wigfitiite element method the finite difference
method is very easy to implement. Because of itaaidge to handle complex geometries and

composite materials the finite element method edusr this study.

14



CHAPTER THREE

MATHEMATICAL MODELING AND FINITE ELEMENT
FORMULATION

A mathematical model representing heat and massféaafor injera and transient heat transfer for
the baking pan during baking was developed in¢hapter. The model for the injera employs the
coupled partial differential equations proposed_bikov; where as the model for the baking pan
is a two dimensional transient heat conduction solad. The resulting system of non linear partial
differential equations in time and two space dinmms are reduced to algebraic system by

applying the finite element method.
3.1 Assumptionsand Heat Balance M odels

The following modeling assumptions and heat balanodels with regard to the baking pan and

injera were made to simplify the mathematical mwagehnd finite element formulation.

The initial temperature and moisture distributidrbatter are uniform.

Heat transfer is two dimensional, unsteady, artiéradial and axial directions.
Both the baking pan and injera are modeled as @xisstric.

Thickness of injera is assumed to be uniform.

YV V V VYV VY

The effect of pressure gradient is negligible.

Heat flows from the heating units (electric, o) the different components, and to the injera in

the following paths [13].

» From the heating elements to the baking pan videcton and convection.

» Heat transfer at the plate surface is assumed teiebeadiation and convection to
constant temperature surroundings when the plateenpty, and directly via
conduction (associated with nucleate boiling) wirgara batter is present. When the
batter is present it is assumed that the battel lvdl heated up to the boiling
temperature of water in that area.

» From the baking pan to the sides through conductideat is then lost through

convection from the sides to the surrounding.
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» Heat is lost through the sand gravels at the bottbte baking pan via conduction
and lost via convection to the surrounding.
» Heat is lost to the surrounding through the lideroof the baking pan via convection

and radiation.
3.2 Mathematical M odeling for Baking Pan

The transient heat conduction through the bakimggaa be given as [11, 29, 37, 40, 44, and 47]:

pCp % = div(kVT)+Q, (3.1)
Where:

p=density(kg/m?), c, = specific heat capacity/kg.K), T= temperatureK), t= time (s) andk =
thermal conductivity '/m.K), andQv=vqumetric heat generatiOiw/m?).

For a constant thermal conductivity and cylindricabrdinate system Eq. (3.1) can be written as:

oT 02T 10T 9%T\ Qyp
at (arz or aZZ)Jr k 3Q)
Where:
ko e 2 2r . :
a = —, is the thermal diffusivity, andVZ:g—ZJrla—TJra—z , Is the Laplacian operator in
pCy ré ror 0z
cylindrical coordinate system.
3.2.1 Initial, Boundary, and Symmetry Conditions
Initial Condition:
The baking pan is initially at a constant room tenagure.
Troom = T(T, Z)It:o =20C (33)

Boundary Conditions:

The boundary condition at the top surface of bakiag is:
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aT _ _
(k52 = =T @9
Where:

h.; = h.th, -is the convective and radiative heat transferffmyent at the surface of the
pan(W/m?.K).

The boundary condition at the bottom surface ofdleetric baking pan is:
T _ _
~(k52) o = e (T = T) (34)
Where:
kZ—rTl= amount of heat passing into the body,

h., = convective heat transfer coefficient at the dmtsurface of the p&W/m?.K),
T,=surface temperature of the pa@)( and
T.=ambient temperaturé().

The boundary condition at the bottom of the oilibgkpan is:
oT _ _
~(k 5)@.0,@ = hesx(Ts = T) (3.6)
Where:
h.s=convective heat transfer coefficient of theBi) m?.K), and

T=temperature of the 0ifC).

In addition to the above boundary conditions thsra heat generation load for electric baking
pans at the heating coil position [2]. The heategation load varies depending on the type of
heating unit usedd(,,/2+ = 1.867, 2.2, 2.5, and 3kW).
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Symmetry Condition:

Symmetry can be used to reduce the size of thee felement models significantly. It must be
remembered that symmetry is not simply a geomeidcurrence. For symmetry, geometry,
loading, material properties, and boundary condgionust all be symmetric about an axis to
reduce the model.

In the case of the baking pan, the pan is a cytatisolid, so it is a solid of revolution with the
longitudinal axis £-axis) as the axis of revolution. The baking pan theeefalfills the geometry

symmetry condition.

The loading and boundary conditions of the bakiag are all symmetric to the axis of symmetry.
The heating load from the electric resistors isted atz/2 of the baking pan, and the difference
in distance between successive loops is constaet.obundary conditions; convective boundary
conditions, radiative boundary condition, and th&al conditions are all symmetric with the axis

of revolution and are independent of the circumfat coordinate.

The material properties (density, thermal conditgtivand specific heat etc) are symmetric with
the axis of revolution. The baking pan and injartilfs all the preconditions for symmetry. So

they can be modeled with one quarter of the panigeda, reducing the computational time and

space. The axis of symmetry can be taken as irsubaiundary conditic(r(k Z—D( ) = 0).
0,z,t

3.3 Mathematical Modeling for Injera during Baking

In this section, the mathematical modeling for siant heat transfer analysis of injera during
baking was done based on the simultaneous heahassltransfer theory of Luikov. The effect of
phase change on the temperature gradient is coedidevhereas the effect of pressure is

neglected in the modeling.

Thethermal energyalance for a capillary porous body can be wrigsfi30, 46]:
oT . . 3
pep5- = —dw(]q) — ijl h;I; (3.7)

Where:
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3, h;I;= heat source or sink=1, for moisture in vapor form, 2, for moistureliquid

form, and 3, for moisture in solid form.
Jq = heat fluXw /m?).

The heat flux can be written using Fourier’s law as

: ] d
Jq = —kVT = -k (6—:nr+a—an) (3.8)

The source of heat is due to the phase changeeofvtdter contained within the body. By

neglecting the effect of moisture potential andspuge the heat source can be expressed as:
2, hil; = 1(hy — hy) = Thyg = £:phyy 2 (3.9)
Wherd = ¢,p Z—T ande,=ratio of vapor diffusion coefficient to total maise diffusion.
Substituting Egs.(3.8), and (3.9) into Eq. (3.7):
pCy % = kV2T+e.phy, Z—T (3.10)
Themass balancéor a capillary porous body can be obtained fromlaws of mass conservation
p aa—T: = —div(jm) 1y (3.11)
Where,j,,=mass flux

In addition to the moisture gradient the mass flar be related with the temperature gradient as

follows, this effect is known as the Soret effect:
jm = —Dp(Vm+68,VT) (3.12)
Assuming there is no moisture gain during baking @oisture exists as vapor and liquid.
I[n,=0 (3.13)
Substituting Egs.(3.12), and (3.13) into Eq. (3.11)

22 = DV?m+DS, VAT (3.14)
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Where,D= moisture diffusivity,6,=thermo-gradient coefficient.

The simultaneous partial differential equation f@at and mass transfer will be obtained by
substituting Eq. (3.14) into Eg. (3.10):

oT k+erphegdeD &rphggD
o _ ( rPfgot ) V2T+ rPfg vzm (315)
at pPCp pPCy

Neglecting the effect of moisture gradient andnaaging equation (3.15):

o (£+—Srhfci5“’) VT (3.16)
2 2
2 (ceuturt) (o, 00 2 617
s =G5 .19
Where: ;= (%):eﬁective thermal diffusivity
3.3.1 Initial and Boundary Conditions
Initial condition:
The initial condition of the injera batter is:
T(r,2)|eeo = 20°C (3.19)
Boundary conditions:
The boundary condition for the complete domairhefinjera can be expressed as:
kS = hyx(To = Ty) = Jg (3.20)

Where:
h,=boiling heat transfer coefficief¥/m?.K),

(T — T) , andj, are heat supplied at the surface, and
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kg—z = amount of heat passing into the body.

The boundary condition at the top surface of injera
kL = h (T, —T,) — j (3)21
an € o) s ]q
Where:

h.= convective plus radiative heat transfer coeffitiaver the surface of injef#/m?.K),
The boundary condition at the bottom of injera2 [

T = T,(t) (3.22)
Where:

T,= contact surface temperature between batter amdijpean be considered as the boiling point

of injera batter.
3.4 Finite Element For mulations

Once the governing partial differential equatiores @btained from the mathematical modeling, a
series of finite element formulations are performedobtain a numerical solution of the

governing partial differential equations using Glkil€s weighted residual method. The finite

element equations were formulated based on theauelthgies adopted in different literatures [2,

11, 30, 37, 44, 46, and 47].

Step-1 Identify the Governing Equation
The governing equation for a cylindrical axisymrietransient heat transfer problem is:

oT (62T 10T aZT)+Qv
at or2 ror 0z2 k

3.23)
Step-2 Weighted Residual Formulation

The weighted residual equations can easily be médaby multiplying Eq. (3.23) with the

weighting function:
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Joe [ G5 = (G350 52) + 5 a0 124)

ror

Where:N;- is the weighting function.

Expanding the domain integral:

21 [0 [ (16—T — (62—T+16—T+62T) )rdrdz] (3.25)

a dat orz2 ror 0z2

Where: A©)= the area of the element in the plane.

Rearranging Eq. (3.25)

oT 0 (0T Qv
[N L drdz - | IA@( 2 )+Ni£(5)> drdz [f,,rN; &rdrdz = 0 £.26)
Applying the chain rule to the second term in eume(3.26):

d oT a oT 0T ON; d oT
aor (er ar) Nl or (T 6r) r or or Nl or r or

2 ( aT) aT ON; (3.27)

or Lor ar or

Noting that equation (3.27) is also applicableht® ¢ variable, the residual equations represented

by equation (3.26) can be written as:

ffAeeraTdrdz ff(e)( ( 131)4—%(7‘ )) drdz — ffAerN Zrdrdz =0 (3.28)

Integrating the second term by parts:

1 oT ON; 0T A ON; 0T oT oT
J[erN drdz+ff @ (67' =5 5% ) rdrdz — ¢, (;nﬁanz) rN;dr —

Sy rN; rdrdz =0 (3.29)

Wherel is the boundary of the element and, and n, are the radial and axial components of
the outward unit vector normal to the boundary.ilie§ gr using Fourier's law in cylindrical

coordinates as:

qr = qr+QZ
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aT T
=—k (Enr — ETLZ) (3)3
Equation (3.29) can now be rewritten as:

10T ON; 0T ON; 0T
[fyerNi 2 drdz + ] ) (m Lomdt ) rdrdz+ §., LrNdr - [, 7N 2 rdrdz =0 (3.31)

Step -3 Interpolations of Functions

The finite element discretizations reduce the givegion (domain) into a finite number of
triangular elements. The elements are connecteadb other at points called nodes. The nodal
points depict the field variabl€éT) or the unknown defined in terms of approximating o
interpolating functionsvithin each element. The field variable and itsiadgives with respect to

position and time as a function of the interpolationctions are given below.

z 3 (13, 24)

2N\

1 (n.z4) 2 (13, 23)

L J

Figure 3-1: Triangular axisymmetric element

T(r,z,t) = Yo N; (r, 2)T; (3.32a)
& (r,2,0) = $o Ny (r,2) 720 (3.32b)
2 (r,2,0) = $o N, (r,2) L2 (3.32¢)
L (r,2,t) = S N; (r2) L2 (3.32d)

Where n is the total number of node.
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Step-4 Evaluation of Element Equations and Assembly

Substituting the interpolation functions into eqoiat(3.31):

I e [(l) ’LONj%rdrdz] + 1@ [aN’ 7=01\/j%] rdrdz+ [, Iy N,dl —

I rN; 2 rdrdz =0 (3.33)

Simplifying equation (3.33):

[ (Wl raraz] (57} | 5,0 (5215 ] o[ (2] raraz]ry =

[c]@©® K]©

ffA(e)rN Lrdrdz — [ rN;dl (3.33%)
{F}©

Equation (3.33*) can also be written in matrix foast
ClO{TIH[K]I©{T} = {F}© (3.34)
Where:
[C]®©)= mass matrix,
[K]®© =stiffness matrix, and
{F}®© = thermal load vector.

Step-5 Imposing boundary conditions and further discegtans of element matrices in equation
(3.33).

The elemental mass matrix (Eq. (3.34)) can be destt by representing- using the
interpolation function (Eq. (3.36)), and using [E8}37) to integrate area coordinates over the area

of a triangular element:
Cl© = ffAe [N ] 1"rdrdz (3.35)

r=XioNim; (3.36)
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ONBNY Jpe — _ OBy
fAe Ny N, N3 dA® = @By 24 (3.37)

Where: A is the area of a triangular element.

Substituting equation (3.36) into equation (3.3%) antegrating using equation (3.37):

61 +21,1+21r;  2rt2rytrs 21ty tlng
[C]® = %i[ 2 t2rytry 21 t6ry 2y rt2r,t2r ] (3.37)
211y t2r; T t2ryt2r; 2ryt2ryt6ry
Similarly the stiffness matrix can be descritized@lows:
© = Ny [ame]" oMy fami)”
[K] Y= ‘UA(e)([ 6r] [67‘] +[6z] [62] rdrdz (339)
The shape function for a triangular linear elemeimfiven as:
N; = 5, (ap+byr+er) 49)
Where q; ,b; , and c; are constants which can be expressed for a tlanglement as:
A1 = 1223 — 1323, Ay =71321 —TNZ1, Q1 =TNZ; — 17,
by, = z; — z3, b, =23 -2z, bs = 71 — z,, (3.41)
Cl=T3—T2, C2=T'1—T3, C3:T'2—T1.
The double integral of r is equal to:
[y rdrdz = [[  rdrdz = Ar, (3.42)
Wherer, =r coordinate value of the centroid defined as:
7. = 1/3 (ry+rytrs) (3.43)

By substituting equations (3.40), (3.42) and (3.48p equation (3.39) the element stiffness
matrix will then be:

k1€ = an) (2] +[2] [2])
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b2+c? byby,tcic, bibstcics
b3+c3 bsby+csc, 3(44)
b2+c2

_Tc
T 44

The discretization of the thermal load vector iselas follows:
{(F}® = Iy rN; & rdrdz — e%rNidF (3.45)

Applying the convective plus radiative boundary dition, i.e. substituting Eg. (3.5) into Eq.
(3.45) we will get:

h
A= [l rN; rdrdz gﬁre Ty rN;dl+~ 6., Too TN;dT (3.46)
The third term in the right hand side of Eq. (3.@6the stiffness due to convection.
The new thermal load vector now becomes
A =[] rN; & rdrdz+ gire T, rN;dT (3.47)

When there is a flux boundary condition in addittonthe convective boundary condition, the

thermal load vector will then be:

{;© = ffA<e)rN ordrdz+ 9SreT rN;drl — SISrelerdF (3.48)

In general the thermal load vector is the sum & kbad due to heat generat((ﬁFQ}(e)),

convectiof{F,,}*), and the load due to fIQ{(Fq}(e)).

(A = (F} R ©+{F,} (3.49)
When there is a uniform convection on the boun@étie triangular element:
21+
© = &wl{ : f}
{Fn} 3 lr+2r, (3.50)

Wherer; andr; are the coordinate values of boundary noded j, and [ is the side length of the

element.
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For a constant heat generation rate:

(F}© = j J rdrdz j J N, N;]”rdrdz

Al
(2 trytrs
=2 {r1+2r2+r3} (3.51)
1ty +2rg
When there is a flux boundary condition:
(e _ qliz 2r1+r2}
{Fg} " = = e Nijrdr === {n o (3.52)

Where=l,, is the length of the element boundary.
The elemental stiffness matrix is the sum of tifénstss due to conduction and convection:
(K1 = [Kepnal @ +Keom]® (3.53)
Where the stiffness due to convection is given by:
[Keom]© =% 6 Ny NyrdT (3.54)

The assembled matrix with the boundary conditiggpdiad becomes:

| |

aT ON1[ON]" [ON][ON]" h
[ﬂ praras] 7} [ I8 222 ) o] [ g
Ale re
|‘ [Kcond] [Kconv] J
ffA@TN & rdrdz +5 . Too TN;dT — 6, Ny vl (3.55)
{FQ}(e) (Fp)© {Fq}(e)
CHT (K conal HKeomy DT} = (Fo) “+{F)@+{F,} (3.56)
[CH{T}HKI(TY = {F} (3.57)
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Step-6 Solution of the Assembled Equations

Once the systems of matrix equations are propetithey have to be solved with appropriate
solution techniques. Four solution techniques available (forward difference, backward

difference, Crank-Nicolson, and Galerkin’s methoth)e backward difference technique is used
in this study because of its unconditional stapilib the backward difference method any size of

time stepcan be used without worrying about stability.

In the backward difference technique equation (3can be written as:

[CH{T) T KTy = (Fyeeae (3.58)

The time derivative in the backward difference taqgbe is:

N EFALE {T}t+At_{T}t
() = D (3.59)

Substituting Eq. (3.59) into Eq. (3.58) and reagiag:
([CTHAL[KDATY A = AL{F} A4 +[CI{T}* (3.60)
{T}+4 = [A] 7V}t 3.641)
Where:

[4] = [C]+At[K] , and
{3t = At{F}Y+A+[CHTY .

The solution for the other techniques can be obthioy writing Eq. (3.60) using the geneéal

method:
([C]+AtO[K]) {T}t+At = At{F}t+([C] — At[K](1 — 9)) {T}t (3.62)
(4] )
{13+ = [A] 7L (V) (3.60)

When 6 is zero the method is forward difference, witeis one the method employed will be
backward difference. Whef is one half and two third the scheme will be CraNlcolson, and

Galerkin’s method respectively.
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CHAPTER FOUR

DETERMINATION OF THERMO-PHYSICAL PROPERTIES
AND BOUNDARY CONDITIONS

In this chapter, the basic thermo-physical propsréind heat transfer coefficients which are used

as an input for the simulation are determined arcaly.
4.1 Thermo-Physical Property of Injera

Thermo—physical properties of injera are determifmenh its major components and temperature

dependent equations reviewed in chapter two.
4.1.1 Specific Heat Capacity
Specific heat of injera can be obtained from itjameomponents using Eq. (2.7):
Cp = Lj1 XiCpj (4.1)

Specific heat of the major components of injeradratan be determined using the empirical

equations presented in Table 2-2 at the averagad&kmperature (Table 4-1).

Table 4-1: Determination of specific heat of major componeafitmjera

Components Compo;itior@%) Specificgigt]/ kg.K)
Carbohydrate | 0.339 0.339(1.5488+1.9625%10°T-5.9399x10°°T2)
Ash 0.015 0.015(1.0926+1.8896x10°T — 3.6817x10°°T2)
Fiber 0.017 0.0.017(1.8459+1.8306x107°T — 4.6509x10°T?)
Fat 0.006 0.006(1.9842+1.4733x10°T — 4.8008x10°°T2)
Protein 0.042 0.042(2.0082+1.2089x 10T — 1.3129x10°T?)
Moisture 0.581 0.581(4.1762-9.0864x10°T — 5.4731x10°T?)
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The specific heat as a function of temperature ineso

Cp = Xy X;Cpy; =3.0954+7.3158x107T+9.4806x 107 T2

The specific heat of injera at the average balémgperature (5%) becomes:

4.1.2 Density

¢, =3440.07/kg.K

(4.2)

The density of injera can be determined from EdLGR and the density of the major components

can also be obtained from the relations presemt@dlble 2-4 at the average baking temperature.

Table 4-2: Density of major components of injera

Components Compo;:iitiom%) Densit)p(ikg/m3) %/ s
Carbohydrate 0.339 1582.025 2.14<10*
Ash 0.015 2408.365 6.23<10°
Fiber 0.017 1291.376 1.3210°
Fat 0.006 902.624 6.65<10°
Protein 0.042 1301.388 3.23<10°
Moisture 0.581 985.987 5.89%<10*

n

in/pl. =8.617x10

i=1

The density of injera at the average baking tentpeeg55C) becomes:

p - Z?:lxi/Pi

=1160.55kg/m3
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4.1.3 Thermal Conductivity

The thermal conductivity of injera varies dependimgthe moisture content, temperature, and the

structural model employed (series or parallel)pgty, shape and distribution.

The volume fraction should be first calculated gdiig. (2.11) to use either of the models:

Xi/Pi
P . 4.4
LY xi/pi (4.4)

Table 4-3: Determination of volume fraction of major compotseof injera

Components Compositiori%) | Density(kg/m?) /P, e = nxl/pl
X Pi i=1 X1/ Pi

Carbohydrate | 0.339 1582.025 2.14x10* 0.248
Ash 0.015 2408.365 6.23x10° 0.00723
Fiber 0.017 1291.376 1.32%10° 0.015
Fat 0.006 902.624 6.65<10° 0.00772
Protein 0.042 1301.388 3.23x10° 0.03748
Moisture 0.581 985.987 5.89x10* 0.68353

n

Z xi/p; = 8.617x10

i=1

Using Eq. (2.10) for the parallel model and appiyitemperature dependent empirical equations

(Table 2-3) we can evaluate thermal conductivityhef major components as (Table 4-3).
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Table 4-4: Determination of thermal conductivity of major cooments for the parallel model

Components & ik;

Carbohydrate | 0.24800 | 0.0499+3.4408x10™*T — 1.0741x107°T2

Ash 0.00723 | 2.3828x107+1.0129x107°T — 2.1014x 10 T2
Fiber 0.01500 | 2.7649x107+1.8746x10°T — 4.7525x 10 T2
Fat 0.00772 | 1.3806x107+2.1302x10°°T — 1.3697x10T?2
Protein 0.03748 | 6.7018x107+4.4819x10°T — 1.0186x 107 T2
Moisture 0.68353 | 0.57109x,,+1.7625%10°Tx,,+6.7036x10°T ?x,,

k=YY", £k;=0.063190.57109x,,+4.299% 10 T

1.7625x107Tx,, —1.245%10°T2+6.7036x10°T 2x,,

The moisture content during injera baking variesdirly from 73% (batter) to 58.1 % (injera) for
the baking period (150[2]. So the thermal conductivity can be determieétler at the average
baking temperature and average moisture contemtt ¢ine initial moisture content and initial
temperature of the batter. In the later case thenthl conductivity will be updated as a function

of temperature and moisture content variation dubaking using the MATLAB program.

The thermal conductivity for the parallel model tae average baking temperature °Gp

becomes:
kparallel =0-750:|W/WI-K

Following the same procedure the thermal condugtiar the series model can be calculated at
the average baking temperature®@pas follows (using Eq. (2.9) and Table 2-3):
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Table 4-5: Determination of thermal conductivity of major cooments for the series model

211‘1=15i/ki

Components Compositiori%)

X; & k; &i/k;
Carbohydrate 0.339 0.24800 0.38466 0.6447
Ash 0.015 0.00723 0.49789 0.0145
Fiber 0.017 0.01500 0.36346 0.0413
Fat 0.006 0.00772 0.29636 0.026
Protein 0.042 0.03748 0.35358 0.106
Moisture 0.581 0.68353 0.69775 0.9796

n & /k; =1.812W/m.K
Kyeries = s——— =0.5518%/m.K

According to the literatures any value betweenserges and the parallel model can be used as the
thermal conductivity of the food. The thermal coacitikity of injera used for the simulation is
0.65597V/m.K.

4.1.4 Moisture Diffusivity

There is no standard method for the determinatiomaisture diffusion and thermo-gradient
coefficient. Therefore, average values obtainedfhiberatures are used in this study. Moisture
diffusion coefficient between water vapor and aiaatandard pressure and temperature is equal
to D =0.288<10"*m?/s [20], and latent heat of vaporization of water= 2256.97%;j/kg. The
thermo-gradient coefficient has less influence loe temperature predictions. The value of the
thermal gradient coefficien®() varies from 0.0k up to 0.02k for food products. There is very
little published data concerning the value of tagor of water evaporation rate to the reduction
rate of the moisture content during the baking axfds, therefore the value obtained from the

literatures [2, 46,]¢=0.3 is used for injera.
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4.2 Thermo-physical property of baking pans
The thermo-physical property of baking pans: thémoaductivity, specific heat, and density are
obtained from literatures [2, 13].

» Property of clay baking pan:
k =0.5W/mK, c, =83W/kg.K, p=1900kg/m?

» Property of ceramic baking pan:

k =0.8W/m.K, c, =960J/kg.K, p=2400kg/m?

4.3 Power Estimation and Distribution in Electric Power ed Baking Pans

Electric power is the source of power for convemgicelectric baking pans. The electric power is
converted into heat energy using resistors insestegrooves at the back side of the pan. The
power developed in the resistor can be obtainenh fig. (4.5), and varies depending on the
material type and size (diameter and length) of résistance wire used. For higher power

consumption a resistance wire with larger diamatel longer length is required.

P=F* xR (4.5)
Where:
P = Power developed in the resistaf),

1 = current through the resis{dr), and
R=resistance of the resistdr)(

The resistors used in heating applications are stlregclusively metallic. Such materials as
platinum, tungsten, and alloy of nickel, iron, atfdtomium are commonly used. Local electric
pan manufacturers use R08, and R09 types of resigtade of nickel-chromium alloys. The

existing type of electric baking pan us#g” power source and has 12 loops of resistors [2].

The power estimated for RO7, R08, and R09 residtorstretched length of 10, 11, andm 2s
1.867, 2.2 and 2.6W respectively [2].The power consumption in eadabpldor different power
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sources can be calculated as follows. The powepligapfor theit" loop is directly proportional
to the radius of that loop K; « 2rr; ), where,r; is the radius of th&* loop. The loops in this
study are assumed to be circular with constanaest between them, but it is also possible to use

spiral loops of resistors with varying distancenssn them.
The total power supplied is, therefore the sunmhefgower supplied to each loop:

P=JLP (4.6)
The total length of the resistance wire is equ§fio

1.5Y i —0.25V (4.7)
The power supplied becomes:
P=2rnd(15%N,i—0.25N) (4.8)
Where:
N=12, the total number of loop, and d=distance betwconsecutive radiusij,

After simplification the power consumed by eachpd®comes:

P, = Px(1.5i—0.25) (4.9)

T (158N i-025N
=1

The power consumption in each loop calculated u&iqg(4.9) for different power sources is
presented in Table 4-6 [2].

35



Heat transfer analysis during the process of injpaking by finite element mett

Table 4-6: Power consumption in each loop of the baking pamifferent power sources

Power consumption (W)
L oop Power source
3kw 2.5kw 2.2kW 1.867kW
1 32.896 27.412 24.123 20.470
2 72.372 60.310 53.100 45.040
3 111.840 93.200 82.020 69.600
4 151.320 126.100 110.950 94.170
5 190.800 159.000 140.000 118.750
6 230.280 191.900 168.900 143.300
7 269.760 224.800 197.810 167.900
8 309.240 257.700 226.750 192.400
9 348.720 290.600 255.700 217.000
10 388.200 323.500 284.650 241.600
11 427.632 356.400 313.600 266.130
12 467.160 389.300 342.600 290.700

4.4 Determination of Surface Heat Transfer Coefficients

The surface heat transfer coefficient is influenbgdhe composition of the fluid, the nature and

geometry of particle surface, and the hydrodynaroicthe fluid moving past the surface. From

the boundary conditions the heat transfer coefiicover the baking pan is the combined effect of

the heat transfer coefficient due to convection r@uation.

Where:

h = h,+h,

h,=convective heat transfer coeffici€t/m?.K),

h.=radiative heat transfer coeffici€mt/m?*.K), and

h=surface heat transfer coeffici€it/m?.K).
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The convective heat transfer coefficient over takitg pan can be calculated from:

he = 7% (4.11)

Where:
h.=convection heat transfer coeffici€rt/m?.K),
Nu=Nusselt number,
k=thermal conductivity of the fluid/ /m.K), and
L =characteristic lengtm).

In the determination of convective heat transferefficient a dimensionless functional
relationship derived using dimensional analysisveenh,. and the relevant physical properties of

the flow situation is used.
he=f(p,V,L,u,cy, AT, k, B, g) (@)1

Where:

p = density of fluid kg/m3),

V' = average fluid velocityx/s),

u = dynamic viscosityN.s/m?),

c, = specific heat of the fluild/4g.K),

B = volumetric expansion coefficigit/K), and

= gravitational acceleration(m/s?).

By performing a dimensional analysis on the abogeagon, the following equation can be

derived:

hel f(pVL cpu p?gBL3AT V?
ko u? cpAT

) (4.13)

37



Heat transfer analysis during the process of injpaking by finite element mett

Where:

% = Nusselt numberNu),

pVL

~ = Reynolds numbeRg),

C”T“ = Prandtle numbet),

ngﬁ#: Grashof numbefGr), and

VZ
= Eckert number.
CpAT

In natural convection, many correlations contaie ffroduct of the grashof number and the

prandtle number; the product of the two is definedhe Rayleigh number:
Ra=GrxPr (4.14)

As the motion of fluid in free convection is causgdbuoyancy force, for horizontal plates either

from the plate or toward the plate, two situatiehsuld be distinguished.

1. Heat transfer occurs in the direction of gravitasibforce (lower surface heated upper
surface cooled ), and
2. Heat transfer against the direction of gravitatloftace (Upper surface heated lower

surface cooled).

A general correlation between the Nusselt numbdr Rayleigh number is developed based on

the above two cases as:
Nu = C(GrxPr)™ .X8)

Where,(m) and(C) are constants .The value of the constants demendsometry.
Since heat transfer during injera baking is agaihetdirection of gravitational force, only the

second case is used for this study.

Fuji and imura (1972) proposed the following caatiein for heat transfer to or from the

horizontal plate with constant heat flux [19, 42, 4nd 48]:
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Nu=0.13(GrxPr)', for Gr=xPr<2x10° } (4.16)

Nu=0.16(GrxPr)'"*, for 2x10°< GrxPr<10"!

In these equationg is evaluated af,,+0.25((Ts — T ), and all other properties &-0.25(T; —

T»), Ts is the average wall temperature.

Correlations are also presented for flat surfagdsowt constant heat flux as [19, 41, 42, and 48]:

_ 1/4 4 7
Nu=0.54(GrxpPr)""*, for 10*< Gr xPr<10 } (4.17)

Nu=0.15(Gr=<Pr)"/?, for 10’< GrxPr<10"!
4.4.1 Heat Transfer Coefficient at the Surface of the Baking Pan

To determine the convective heat transfer coefiiciest evaluate the property of air at the

average film temperature.

= Ll _ 200200 _ 1100 (4.18)

T.
S 2 2

The film temperature to evaluate the propertiesobes T, = Ts-0.25(Ts — T.,) =110-
0.25(116-20) =87.5C.

Properties at the average film temperature:

p =0.996g/m3, ¢,=1010/kg K, k=30.527%10" W/m.K,
B=2.7739x107 /K, §=2.119%10" kg/m. s, v=2.216<10" m? /s,
«=3.13%10"° m?/s , Pr=0.71, g =9.81m/s?,

The characteristics length for circular disk is exymentally approximated as L=0.9D [19, 42],

where D is the diameter of the pan.

The dimensionless Grashof and Rayleigh numbersnbeco

3 9.81x2.7739x1073x(0.9x0.6)3(110-20
Gr = gBL AT = 7 ( > ) ( ) =785<108

v? (2.216x10'5)

Ra=GrxPr =55%10°
Using Eq. (4.16):
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Nu =0.16(GrxPr)*/3=131.69

The convective heat transfer coefficient becomes:

Nuk  131.69x30.5275x1073 W/m.K
h, = = =7.49V/m?*.K
L 0.9%0.6m

The radiative heat transfer coefficient at the acefof the baking pan is given by:

h, = 6x¢ (T;_T‘%) (4.19)

Ts—Too

= 8xe(T+TE)*(Ts — Too)

Where § is the Stefan Boltzmann constadt6fx10™ W/m?.K*) , ande is the emissivity of the
surface (0.95).

Substituting the values into Eq. (4.20):
h, =8.4TW/m* K
The surface heat transfer coefficient on the tofase of the baking pan will be:
h = h,th, = 15.9W/m? K
4.4.2 Convective Heat Transfer Coefficient of Heated Oil Used as Heat Transfer Fluid

The heat transfer fluid used in oil baking panshisll themia oil B. The oil heated by solar energy
Is circulated heating the bottom of the baking pere shell thermia oil B is chosen for its ability
to provide superior performance in indirect clofleed heat transfer systems operating at higher
temperature. According to shell safety data shéetll Shermia oil B has exceptionally good
thermal stability at bulk temperatures up to ®20and film temperature up to 340 Typical
design data for thermia oil B is obtained from sHhata sheet shown in appendix A.

The convective heat transfer coefficient of heat#dh a cylindrical container is calculated from
Eq. (4.11), but in this case the characteristigtlens the diameter of the cylinder. The Nusselt

number correlation for free convection in a cylindeexpressed as [43, 45]:

0.387(Gr=Pr)1/6

2
Nu = O.6+( 5597 , 107< GrxPr<10" (4.20)
1+(0.559/Pr
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The thermal property is evaluated at the film terapge from Table A-1 (Appendix A):

204300

T = —— =160°C
C, = 2400//kg K, k =0.123W/m.K, Pr =29,
B =0.0009K, v =2.85x10°m?/s , g =9.81m/s2.

The dimensionless numbers are:

3 X X 3x -
Cr — gBLZAT:9.81 0.0008x(0.6) 2(300 20) 5 844100
v (2.85x10'6)

Ra = GrxPr =5.844<10'°29=1.69%10"2

Substituting into Eq. (4.20):

2
0.387(1.695X1012)l/6

Nu = (0.6+ 7| =1729.42
(1+(0.559,/29)9/16) /

The convective heat transfer coefficient becomes:

_ Nuwk _ 1729.42x0.123

ho L 0.6

=354.9V/m?* K
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4.5 Experimental test

The first experimental test done in this study whe measurement of heat up time of
conventional clay baking pan. Clay baking pan, dagger with thermocouples, and PC loaded
with lab view shown in figure 4-1 was used for tiest. The heat up time obtained from the
experiment is compared with the simulation resulfigure 5-4, and presented in table form in
table B-2 (appendix).

=y

r_® ks

Figure4-1: Experimental set u to measure het p time.

The other experimental test was the measurementagk of batter and injera before and after
baking using digital mass balance. This experinvegd done during baking using ceramic and
clay baking pans. The result obtained is summaiiiz¢ables 6-1, and 6-2.

Figure 4-2: Digital mass balance with batter and injera
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CHAPTER FIVE

NUMERICAL SIMULATION

A MATLAB code was written based on the formulatedité element equations to study the
temperature distribution during heat up and cyblaking founded on the previous work by
Assefa [2]. The program written for the simulatiohheat up time is similar with the previous
work, but the program written for cyclic bakingdsferent. In the previous work simulation was
done by simply imposing boiling heat transfer ciméht on the surface of the baking pan without
considering the thickness of injera, which in tegsults the same type of injera for all baking pan
types and power sources. The current program ieslstmulation of both injera and baking pan
together for the baking period. This helps to sttlty temperature profile of injera for different

baking pan types and energy sources during thegaderiod.

Results obtained during heat up time, and cycliirtzafor different types of baking pans(clay
and ceramic) with different power sources(elecnd indirect solar power) are presented in this
chapter. Simulation of heat up time and cyclic hgkivas done for four different thicknesses of
clay baking pans (0.0075, 0.01, 0.015, and @)p2nd for two ceramic baking pan thicknesses
(0.01, and 0.008). Graphs representing temperature profiles duhiegt up, baking, and idle
periods are plotted as a function of time for selé@an thicknesses, In addition to that heat up
and idle periods for different baking pan thickremssand power sources are summarized in table
form.

The computer algorithm (flow chart) for a two dims@nal axisymmetric transient finite element
problem, and the various parameters used as ah fioipithe simulation are presented in Figure
5-1 and Table 5-1 respectively. The finite eleméistretization of the baking pan for heat up
time simulation, and discretization of baking pard anjera for cyclic baking simulation are

shown in figure 5-2, and figure 5-8 respectively.
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Start

¢

Input:-Element, and nodal data, connectivity, the-physical
property, and boundary conditions.

v

I nitialize matrices and vectors:

[K]=0,[C]=0,{F}=0, t >0

Formulate element matrices:
(€1, [K]©), and {F}©

lgp =g +1 Assemble global matrix:

[C1® > [C1.TK1® - [K1.{FY® > {F}

v

iel < ng;

V

I mpose convective boundary

Yes

Update: {F}© and [K]© ]

.

Solve the matrices:
t=t+ At
[A] = [C] + At[K], {V}' = At{F}** + [CI{T}* , {T}*** = [A] 1V}

v

Yes

Figure5-1: Flow chart for the MATLAB program
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Table5-1: Parameters used for the simulation

Paedars Value
Baking time(t) 120-18G
Boiling heat transfer coefficient 20000 /m? K
Convective heat transfer coefficient of Gil,) 354.53V/m?*.K
Density of clay 1900kg/m>
Density of injera 1160.5%g/m?>
Density of ceramic 2400kg/m?>
Diameter of clay pan 0.6m
Diameter of injera 0.6m
Diameter of ceramic pan 0.6m
Free convective heat transfer coefficient overtthieing paih.) | 7.497/m* K
Initial temperature of baking pan 20925
Initial temperature of injera batter 20925

Input electric power

1.867, 2.2, 2.5, andk3/

Input heated oil temperature

250, 275, 300, and 326

Latent heat of evaporation of water

2256.97kJ/ke

Radiative heat transfer coefficient over the balpag( h,.) 8.4W/m* K
Specific heat of clay 830W/kg K
Specific heat of ceramic 96Q//kg.K

The average specific heat of injera 3440.07/kg.K
Thermal conductivity of clay pan 0.5%/m.K
Thermal conductivity of injera batter 0.655W/m.K
Thermal conductivity of ceramic 0.8W/m.K
Thermo gradient coefficient 0.01-0.02K
Thickness of ceramic pan 0.008, and 0.0#

Thickness of clay pan

0.02,0.015,0.01,and0.0075

Thickness of injera(average)

0.003n
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5.1 Simulation of Baking Pansfor Heat up Time

The heat up time of a baking pan is the amountirag trequired to increase the surface
temperature of the pan from its initial temperat{#@-2%C ) to the temperature required for the
baking of injera (180-22C). The heat up time depends on the input poweckmass, and
thermal property of the baking pan.

The finite element discretizations of the convemtio baking pan into a finite number of

triangular elements with the boundary conditionshiswn below.

(Convection + Radiation) BC
i 12 113 i 115 116 17 118 119 120 1

wl " " wl " W T wsl w6, ) e, e )
Sl i 1Vl YVl YVl Vil Vel YVl Vel NVl VY
/A
R vl N YVl DV SV NVl SV 1Vl 1V JV
'.I-I
3 U
A AV YV 1Vl YV DVl 3V 3V NV 3V 1V I
=, =
: §
LY DV Yl VWl VNV L 6L %] ¢
g 2
Bl s 0wl wl el nl el sl w8 ¢
i v
e
N 1V 1 WV VW 1V WA W Ve
4

Yl N AVl Ve SV NV WVl VWl W IV

el "l wl sl el al el el el al

1 2 3 ! 5 6 i 8 g 0 1

0 0 im
Convection BC

Figure 5-2: Finite element discretization of baking pan

46



Heat transfer analysis during the process of injpaking by finite element mett

5.1.1 Heat up Time of Clay Baking Pans

Figure 5-3 shows the surface node (node 118) teatyrer profile of 0.02: electric clay baking
pan as a function of heat up time for differentie power input. The heat up time for other pan
thicknesses as a function of power source is suimathin Table 5-2. As it is shown in the graph

the heat up time increases as the power sourceatss for a given pan thickness.

240 ,,,,,,,, i I - — - _ L A - — - - _ _ 1 Il 1
1 1 1 1 1 1 1
| | | | | | |
| | | |
220"”””’; ”””” T TUxes80 T Xi1090 T X:1280 X: 1600 |
| | | | Y: 200 Y: 200 Y: 200 Y: 200
200 -~ - - B e e e ™ R e m
1 1 | ‘ 1
180b- - - B S L\ STl Lo | 0D LR L _
1 1 1 1
160 ,,,,,,,, J‘ ,,,,,,,,,,,,,,,, L ,,,,,,, gz 7 _ S |
o 1 1 1
o ! ‘
O g40f oot NS S I .
> |
“c—s' |
= 120 S A L S _
oy 1
|
Swoli XSS e e .
|_ |
|
R Y A e .
|
|
60—~ o A R N .
1 1
WA e B .
| | | |
| | | |
20— e e (R A -
| | | | | | |
| | | | | | |
| | | | | | |
O | | | | | | |
0 200 400 600 800 1000 1200 1400 1600

Figure5-3: Heat up time of 0.02 electric clay baking pan with different power itpu

Figure 5-4 shows the comparison of heat up timaiobtl from experiment with the one obtained
from finite element simulation. The comparison vease for Zw electric power source and

0.02n conventional clay baking pan thickness.
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Experimental result

Time (s

Figure 5-4: Comparison of heat up time obtained from experinaeit FEM for electric clay pan

Figure 5-5 shows the surface node (node 118) teatyer profile of different clay pan

75m(275C)

0.0075m(256C)
0.01m(275C)

0.00

(D.01mesadwoa]

thicknesses with different heated oil temperatasea function of heat up time.

100 150 200 250 300 350 400 450 500 550 600 650 700

50

Time (s)

-5: Heatup time for clay pan with different thicknesses aedted oil temperatures

Figure5
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Table 5-2 shows the heat up time of different theds clay baking pans as a function of power
source. Simulation was not done for 0.0@7®lectric clay baking pan thickness. The heat up
time is represented in hyphen when the baking pes dot reach the heat up temperature for the

given power input.

Table 5-2: Summery of heat up time for different clay parckhiesses and power sources

Heat up timés)

Power source

Baking pan Electric power(k W) Heated 0ilfC)
thickness(m)

3kw | 25kwW | 22kW | 1.867kWw | 325°C | 300°C | 278°C | 250°C
0.0075 - - - - 235 277 350 531
0.01 420 517 603 744 365 440 580 -
0.015 635 785 918 1139 760 970 1800
0.02 880 1100 1280 1600 1436 2300 - -
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5.1.2 Heat up Time of Ceramic Baking Pans

Figure 5-5 shows the surface node (node 118) teatyer profile of 0.008: electric ceramic

baking pan as a function of heat up time for ddferinput power. The heat up time for other

electric ceramic pan thicknesses as a functioroefep source is shown in Table 5-3. Similar to

the case of clay baking pans the heat up time ase®as the power source decreases for a given

pan thickness.

AN

160} -

(.0

S5 120----
1

resadwo |

Time (s

Figure 5-6: Heat up time of electric ceramic pan with a thidsef 0.008: and different power

input.

Figure 5-7 shows the surface node (node 118) teatyrer profile of 0.008: heated oil ceramic

baking pan as a function of heat up time for défeérheated oil input temperatures. The heat up

time for other heated oil ceramic pan thicknessea function of power source is shown in Table

5-3.
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Time (S)

Figure 5-7: Heatup time of 0.008m ceramic pan with different heaigédemperatures
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470

Heat up timeg(s)
580

25kw | 2.2kW | 1.867kW | 328°C | 300°C | 273C | 250°C

Electric powdk V)

402
495

3kw
326
400

Baking pan

Table-5.3: Summery of heat up time for different ceramic gaoknesses and power sources
thickness(m)

0.008
0.01




Heat transfer analysis during the process of injpaking by finite element mett

5.2 Simulation of Injera and Baking Pansfor Cyclic Baking

Once the heat up time is obtained, simulation dirgapans and injera for successive baking
cycles was done in this section. A single bakingleyncludes the baking period and the idle
period (see figure 5-9). The baking period for@itlic baking simulation is taken to be ¥50

The idle period varies depending on the bakingtharmal property, thickness and power input.

Finite element discretization of injera and bakpan for cyclic baking simulation is shown

below.
Convection = Radiation BC
LITRR 13 146, 7. 8 e 150, 51 152 153, 154
133 134 135 1 131 1 1 1 14 1 1
1 123 124 1 1 127, 1 1 1 13 13
G 1 1 11 ji 11 11 117 11 11 1 14
ﬂ '[I.'H]‘ 101 1 1 104 1 1 107 1 1 110
£ ® % 91 P 53 9 9 % 97 9 nl
L_% 78 9 80 B1 82 83 84 85 86 87 8 "g
%‘ 67 63 69 10 X 12 13 74 i 16 i §
E 56 57 58 59 60— 61 sl "6 &) C
;.E: 45 It 47 48 19 50 51 52 53 54 55
g '] 3 36 3 3 3 40 4 42 43 4
5 2 2 % 21 % o) % 3 2 1
12 13 14 15 16 17 18 13 2 21 2
1 2 3 4 5 6 7 8 9 10 11
] 03m

Comvection BC

Figure 5-8: Finite element discretization of injera and balyan

The nodes in figure 5-8 labeled in black are naafdsaking pan, nodes written in red represent

nodes of injera, and nodes in blue are interfackes.0
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5.2.1 Cyclic Baking Simulation of Electric Clay Baking Pans

Figure 5-9 shows temperature profiles of selectedea of injera and baking pan for pan
thickness 0.02 and power source 7. Simulation was done for six baking cycles, anditte
period was 108 Node 149 represents the surface temperatur afjsras (inj-1, inj-2...inj-6)

during baking, and node 118 represents the sutémaperature of the baking pan during heat up,
baking, and idle periods.

Figure 5-9: Temperature profile of nodes for pan thickness.026 and power source of BV
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.inj-6) during baking, and node 118 represents gshdace temperature of the baking pan
200 |-

Figure 5-10 shows temperature profiles of selectedes of injera and baking pan for pan
thickness 0.02 and power source 2i97. Simulation was done for six baking cycles, and the

idle period was 120 Node 149 represents the surface temperaturexoingras (inj-1, inj-

2..
during heat up, baking, and idle periods.

N—

aJnyejadwsa |

1000 1200 1400 1600 1800 2000 2200 2400 2600

0 600 800

40

200

Time(s)

Figure 5-10: Temperature profile of nodes for pan thickness#.88d power source 28V
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Figure 5-11 shows temperature profiles of selectedes of injera and baking pan for pan
thickness 0.02 and power source 2i7. Simulation was done for six baking cycles, and the

idle period was 146 Node 149 represents the surface temperaturexoingras (inj-1, inj-

2..

.inj-6) during baking, and node 118 represents gshdace temperature of the baking pan

ainresadwa |

during heat up, baking, and idle periods.

2200 2400 2600 2800

400 600 800 1000 1200 1400 1600 1800 2000

200

0

Time (s

Figure5-11: Temperature profile of nodes for pan thickness#.88d power source %%’
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Figure 5-12 shows temperature profiles of selectedes of injera and baking pan for pan
thickness 0.02 and power source 1.8&7/. Simulation was done for six baking cycles, and the

idle period was 176 Node 149 represents the surface temperaturexoingras (inj-1, inj-

2..

.inj-6) during baking, and node 118 represents gshdace temperature of the baking pan

- g - -

nj-

- - - |

j-3

in

T -+4-

during heat up, baking, and idle periods.

260 - - -

(Do) @Ineadws |

800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600

200 400 600

0

Time (s)

Figure5-12: Temperature profile of nodes for pan thickness#.88d power source 1.8&#W

The idle time for other electric clay pan thickresssvith different power source is summarized in

table 5-4.
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5.2.2 Cyclic Baking Simulation of Clay Baking Panswith heated oil as power source

Figures 5-13, 5-14, and 5-15 represents temperginofles of selected nodes of injera and

baking pan for pan thickness of 0.00#5with heated oil temperatures of 250, 2C5and 0.01n

with heated oil temperature 215 Simulation was done for five baking cycles. Tdke iperiods

were 155, 115, and 160respectively. Node 149 represents the surfacedeatyre profile of five

.inj-5) during baking, and n@d 18 represents the surface temperature of the

injeras (inj-1, inj-2..

baking pan during heat up, baking, and idle periods

1200 1400 1600 1800

1000
Time(s)

Figure 5-13: Temperature profile of nodes for pan thickness Te@0and oil temperature 250
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280
260} - -

(D.04nmeladwal

1000 1100 1200 1300 1400 1500

800 900

400 500 600 700

300

200

Time (S)

Figureb

14: Temperature profile of nodes for pan thickness To@0and oil temperature 296

1200 1400 1600

1000
Time (s)

Figure 5-15: Temperature profile of nodes for pan thicknessf.8td oil temperature 276
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Figure 5-16 shows a magnified view of the tempeeafuofile of the surface of injera and baking

pan for the first baking cycle of figure 5-15.

180 -

(D.24neiadwa |

130 140 150

100 110 120

Time (s)

Figure5-16: Temperature profile of injera and pan for the fivaking cycle of figure 5-15

Table 5-4 shows idle periods for different clay phicknesses with different power sources.

Simulation was not done for 0.00#&electric clay pan thickness.
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5.2.3 Cyclic Baking Simulation of Electric Ceramic Baking Pan

Figure 5-17 shows temperature profiles of selectedes of injera and baking pan for pan

thickness 0.008 and power source 7. Simulation was done for six baking cycles, andidhe

inj-6)

during baking, and node 118 represents the sutéamwperature of the baking pan during heat up,

period was 65. Node 149 represents the surface temperaturexahjgiras (inj-1, inj-2..

1400

1200

1000

260

(d.0inresadwal

baking and idle periods.

Time (s)

Figure5-17: Temperature profile of nodes for pan thicknes98:0and power sourcek3/
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Figure 5-18 shows temperature profiles of selectedes of injera and baking pan for pan

thickness 0.008 and power source 237. Simulation was done for six baking cycles, and the

.inj-

idle period was 8 Node 149 represents the surface temperature afijeras (inj-1, inj-2..

6) during baking, and node 118 represents the citiamperature of the baking pan during heat

up baking, and idle periods.

(Do.01mesadwa

1400 1600

1200

me (S)

Ti

Figure5-18: Temperature profile of nodes for pan thickness &08nd power source 25V
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Figure 5-19 shows temperature profiles of selectedes of injera and baking pan for pan

thickness 0.008 and power source 2. Simulation was done for six baking cycles, and the

idle period was 105 Node 149 represents the surface temperaturexoingras (inj-1, inj-

2..

.inj-6) during baking, and node 118 represents gshdace temperature of the baking pan

during heat up, baking, and idle periods.

1800

1600

1400

1200

1000
Time (s)

0171717 T T T T T T T T 1T T T T T T T

(Do 0unrel0dWa]

Figure5-19: Temperature profile of nodes for pan thickness &08nd Power source Z¥
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.inj-6) during baking, and node 118 represents gshdace temperature of the baking pan

Figure 5-20 shows temperature profiles of selectedes of injera and baking pan for pan
thickness 0.008 and power source 1.8&# . Simulation was done for six baking cycles, and the

idle period was 126 Node 149 represents the surface temperaturexoingras (inj-1, inj-

2..

during heat up, baking, and idle periods.

(do2inesadwa |

1200 1400 1600 1800 2000

0
Time (s)
63

100
Figure 5-20: Temperature profile of nodes for pan thickness &:08nd power source 1.8%6/
The idle period for other ceramic baking pan thedses with different power source is

summarized in Table 5-5.
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5.2.4 Cyclic Baking Simulation of ceramic baking panswith heated oil as power source

Figures 5-21, 5-22, and 5-23 represents temperginofles of selected nodes of injera and

baking pan for pan thicknesses 0.@@8with heated oil temperatures 250, 2 and 0.01n

with heated oil temperature 215 Simulation was done for five baking cycles. Tdke iperiods

were 165, 120, and 145respectively. The idle time for other pan thiclsess with different

heated oil temperature sources are summarizedbie &5. Node 149 represents the surface

.inj-5) dig baking, and node 118 represents the surface

temperature of five injeras (inj-1, inj-2..

temperature of the baking pan during heat up, lgakind idle periods.

|
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Figure 5-21: Temperature profile of nodes for pan thickness &:08nd oil temperature 250
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Figure 5-22: Temperature profile of nodes for pan thickness &:08nd oil temperature 276
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Figure 5-23: Temperature profile of nodes for pan thicknessf.8td oil temperature 276
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Figure 5-24 shows simulation results of injerasdohkvith electric ceramic baking pan (with

power input 2.5/ and thickness 0.008, and heated oil ceramic baking pan (with poweutn
27%C and thickness 0.0@8. As it is shown in the graph, the surface temjpeesof injera baked

using heated oil reaches to the baking temper@haiéng temperature of water around that area,

90-94°C) faster than the one baked with electric ceraraldrig pan.
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Figure 5-24: Temperature profile of injeras baked with electne heated oil ceramic pan

Table 5-5 shows idle periods for different cerapam thicknesses with different power sources.

The idle period of a baking pan increases whenpiwer input decreases for a given pan

thickness.

Table5-5: Summery of idle time for ceramic baking pans vdiffierent power source

Idle time(s)
Baking Power source
pan thickness Electric power(k ) Heated 0ilfC)
(m) 3kW | 25kW | 2.2kw | 1.867kW | 328C | 300°C | 275°C | 250°C
0.008 65 85 105 125 75 95 120 165
0.01 70 90 110 130 100 120 145 -
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CHAPTER SIX

ENERGY UTILIZATION AND EFFICIENCY OF BAKING PANS

There are three quantities to be noted with regarthe energy use of baking pans: the total
energy, the utilized energy, and efficiency of bakpans [14]. These quantities are used in the

study of the performance of electric clay and cécarmaking pans.
6.1 Energy Utilization

The total energy is the amount of energy used &k eocertain amount of injera. It includes both
the energy actually utilized in cooking the injenad the energy lost during baking. The utilized
energy is the amount of energy which is actuallgduis cooking injera, not including any of the
losses during the process of baking. The utilizeergy during injera baking includes the energy
required to raise the temperature of the battethéo boiling point of water, plus the energy
required to vaporize a portion of the water in tia¢ter. The following assumptions are made in

order to calculate the amount of utilized energylbaking pan [14]:

- The average mass of injera and moisture loss feryesingle injera is constant.
- The heat capacity of the batter is nearly equ#iedcheat capacity of water.
- The difference in weight between the baked injerd the initial batter is equal to the

weight of moisture loss during baking.

Applying the above assumptions, the utilized eneayy be obtained from the following equation
[14]:

Eutilized = mbattercp (Tboiling - TO)+hfg(mbatter - minjera) (61)

Where:
E,ii-ea= €Nergy utilized)),
Mpaner= Mass of battékg),
Myyier,= Mass of baked injefég),
c,= heat capacity of watéf/kg.K),
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The average mass of injera and batter during baksigg clay and ceramic baking pans is

obtained experimentally using mass balance by ¢afonr different samples(see Tables 6-1, and

6-2 below).

T,= room temperature@C), and

Thouing = boiling temperature of water in that aré@)(

hs,= heat of vaporization of water at the boiling tergiure in that are@/kg).

Table 6-1: Mass balance of injera and batter during bakingguslay baking pan

Sample Mass of battefkg) Mass of injerékg) Mass losgkg)
1 0.6930 0.5025 0.1905
2 0.6125 0.4355 0.1770
3 0.6295 0.4345 0.1950
4 0.6460 0.4425 0.2035

Average 0.6453 0.4538 0.1915

Table 6-2: Mass balance of injera and batter during bakingguseramic baking pan

Sample Mass of battefkg) Mass of injerékg) Mass losgkg)
1 0.6240 0.4560 0.1680
2 0.6040 0.4445 0.1595
3 0.6665 0.4785 0.1880
4 0.6230 0.4540 0.1690

Average 0.6294 0.4583 0.1711
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6.2 Efficiency of Baking Pans

The efficiency of a baking pan is simply the uslizenergy divided by the total energy input (or
the energy utilized during a baking session dividgdotal energy consumed by the baking pan).

) Energy utilized
efficiency = ————— x100%
Energy input
T]th _ Eitized — MpatterCp (Tboiling _7:‘0)Jrhfg(mbatter_minjem) «100% (62)
Einput QuXxt

Where:

E = €NErgy input.y),

Q.= rate of energy input¥), and
t= total time taken during the baking session (

The total time taken for a baking session is the sfj the heat up time, the total baking time, and
the total idle time [2].

=theat up T X tpaking™ (1 — 1) Xt 3p.
Where:
t= total time for the baking sessi@n,
thear up= NE€AL UP tIMES),
thaking= Daking time for a single inje(a),
t;z1.= idle time(s), and

n=number of baking cycle.
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6.2.1 Efficiency of Electric Clay Baking Pans

Table 6-3 shows the utilized energy and efficien€yclay baking pans for 10 baking cycles.
Table 6-4 shows the efficiency of clay baking p&ms20, 30, 40, and 50 baking cycles. The
utilized energy for the calculation of efficiency obtained from Eq. (6.1), and the total time is
obtained from Eq. (6.3) with the help of Tables,&2d 5-4.

Table 6-3: Utilized energy and efficiency of different claghing pans for 10 baking cycles

Power Pan thickness Total time(s) | Energy | Energy Efficiency(%)
sourcékw) (m) input(/) | utilized(”)
0.010 4224 7886208 66.26
0.015 4709 8791708 59.44
1.867 0.020 5350 9988450 52.32
0.010 3228 710160( 73.58
0.015 3633 799260( 65.38
2.2 0.020 4085 8987000 2229575 58.15
0.010 2782 695500( 75.13
0.015 3185 796250( 65.63
2.5 0.020 3680 920000( 56.80
0.010 2550 765000( 68.31
0.015 2855 856500( 61.01
3 0.020 3280 9840000 53.11
Table 6- 4: Efficiency of clay baking pans for different baginycles
Efficiency(%)
Power Pan thickness Baking cycle
sourcgk?) (m) 20 30 40 50
0.010 70.64 72.24 73.06 73.56
1.867 0.015 65.79 68.22 69.50 70.29
0.020 59.87 62.90 64.53 65.55
0.010 79.47 81.64 82.78 83.47
2 0.015 73.28 76.35 77.99 79.00
' 0.020 67.53 71.36 73.45 74.76
0.010 81.46 83.81 85.04 85.79
25 0.015 73.53 76.61 78.25 79.27
' 0.020 65.52 69.06 70.98 72.18
0.010 73.34 75.19 76.15 76.73
3 0.015 67.58 70.09 71.42 72.25
0.020 60.27 63.11 64.63 65.58
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Figure 64 shows the efficiency of clay baking pans withfetiént thickness as function of
power input for 20 baking cycle

90
—o—(0.01m pan thickness
—¢—0.015m pan thickness
=—e#=—0.02m pan thickness
/o\ ..‘/ -......
S / ) T RO .
> : / <l
o | L7 |2 TSN
I / g
(&) B> e Y T TR
60 &
50
1.867 2.2 2.5 3
power(kW)

Figure 6-1: Efficiency of clay baking pans as a function of powsul

In order to find efficiency using Eq. (6.2), the igle loss of injera for clay baking p:
thicknesses other than the conventional bakingwmsibased on the assumption that the we
loss wasthe same as the experimentally found weight losth@fconvntional clay baking pan.
Because of this assumption the utilized energylloclay baking pans is the same for a gi
baking cycle.

The efficiency of clay baking pan with a thickness of C and power input of
(conventional baking parigr 10 baking cycle is 53.11 %( Table3-this efficiency is improve
to 65.58% (Table 8) by increasing the baking cycle to 50. The maason for thimprovement
in efficiency as the baking cycle increavasthe increase in utilized ener The efficiency of the
conventional baking pan furthéncreased to 85.79%pr 50 baking cycl, by reducing the
thickness of the baking pan to O , and the power source to 2.5
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6.2.2 Efficiency of Electric Ceramic Baking Pans

Table 6-5 shows the utilized energy and efficieatylectric ceramic baking pans for 10 baking
cycles. Table 6-6 shows the efficiency of cerama&ibg pans for 20, 30, 40, and 50 baking

cycles. The utilized energy for the calculationefficiency is obtained from Eqg. (6.1), and the

total time is obtained from Eg. (6.3) with the hefpTables 5-3, and 5-5.

Table 6-5: Utilized energy and efficiency of ceramic bakiranp for 10 baking cycles

Power Pan thickness| Total Energy Energy Efficiency(%)
sourcék ) | (m) time(s) input(/) utilized(J)
0.010 4151 7749917 61.20
1.867 0.008 3925 7327975 64.72
0.010 3295 7249000 65.43
2.2 0.008 3095 6809000, 4742887 69.66
0.010 2805 7012500 67.63
2.5 0.008 2667 6667500 71.13
0.010 2530 7590000 62.49
3 0.008 2411 7233000 65.57
Table 6-6: Efficiency of ceramic baking pans for differenkba cycles
Efficiend9o)
Baking cycle
Power Pan thickness
sourc€k”) | (m) 20 30 40 50
0.010 65.13 66.55 67.29 67.74
1.867 0.008 67.97 69.13 69.72 70.08
0.010 70.17 71.90 72.80 73.35
2.2 0.008 73.77 75.25 76.01 76.48
0.010 72.90 74.84 75.85 76.47
2.5 0.008 75.63 77.26 78.10 78.61
0.010 66.85 68.44 69.26 69.77
3 0.008 69.33 70.67 71.37 71.79
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Figure 62 shows the efficiency of ceramic baking pans wiffierent thickness as a function
power input for 20 baking cycle

90 I
—&—(0.008m pan thickness
—4—0.01m pan thickness
80
)
S
P
=
ko 70
Q
=
1]
60
50
1.867 2.2 2.5 3
power(kW)

Figure 6-2: Efficiency of ceramic baking pans as a function ofverinput

The utilized energpf 0.01 ceramic baking pan was calculated based on thengssun that the

weight loss of injera wathe same as the experimentally found weight los8.0§ ceramic

baking pan. Thefficiency 0f0.08 ceramic baking pdor 10 baking cyclds 65.57 %( Table 6-
5), this efficiency is improved t71.79% (Table 6-5) by imeasing the baking cycle to ! The

maximum efficiency oteramic bakingpans (78.61%) was obtainé&at a bakincpan thickness of
0.08m, and a powesourceof 2.5

The overall improvement in efficiency of ceramickivey pans is smaller than clay bakipans;
this is because dhe fact that thenergy utilized byceramic baking panwas smaller than clay

baking pansas a result of tt decrease in weight losd injeras baked wit ceramic baking pans
(Table 6-2).
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CHAPTER SEVEN

CONCLUSIONSAND RECOMMENDATIONS

The general objective of this thesis was to stidyttansient heat transfer analysis during injera
baking process. In doing this, a mathematical mddelsimultaneous heat and mass transfer
during baking of injera was developed. A finiterakent scheme was used to implement this
mathematical model for baking and an efficient cedes written in MATLAB to simulate the
model numerically. The process was simulated imseof temperature profiles at certain baking
pan and injera positions. The profile for tempemaulistribution during heat up and cyclic baking
are plotted. Thermo-physical properties and mogsttnransport parameters of injera were
predicted analytically and were used for the terafpee profile prediction using the numerical
model.

The results from this research lead to the follgagonclusions:

» Given the same thermal property(thermal condugtispecific heat, and density) and
power input, decreasing the thickness of a bakeny q@gsults a decrease in heat up time
and idle time of the baking pan. Given the samenthéproperty and same pan thickness,

decreasing power input results an increase inugeéime and idle time.

» Simulation results shows that, heat up and idletoha baking pan decreases as thermal
conductivity increases, so a major improvementffitiency will be obtained if baking
pan thermal conductivity is improved. On the othend, increase in specific heat capacity

and density of baking pans increases the heamgand idle time.

» Simulation of baking pans for heat up time witlckmesses greater than or equal to 6.01
shows that, it is difficult to achieve surface akitemperature (20Q) using heated oil
temperature of 250. For the conventional baking pan heated oil terupees of 30€C

and above are required to achieve surface bakmgesature.
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» From the temperature of injeras baked with diffepwer sources, we can conclude that,
the formation of proper injera requires a spedaiéite of initial power delivery. Too little
power delivery will not properly boil the water the batter, while too much power will

create uneven boiling which may result in an imgrapoisture content of injera.

» The temperature profile of injera increases rapidiyard the boiling point of water at the
associated pressure when heated oil was used@sex pource instead of electric power,
(see figure 5-24).

» There was a slight increase in surface temperaturgera when the baking pan thickness
becomes smaller for the same power source. Theteforther decrease in baking pan

thickness with higher thermal conductivity may fegua lower quality of injera.

» Experimental test on the mass balance of batterirgach shows that injera baked with
0.02n conventional clay baking pan has more loss of wetbhn injera baked with
0.008n ceramic baking pan. This shows that the utilizedrgy by the ceramic baking
pan is smaller than the conventional clay bakinggee Tables 6-1, and 6-2).

» From the efficiency calculation, efficiency of déiec baking pans of all types increases as
the number of baking cycle (baking session) in@eabecause of the increase in utilized
energy. Clay and ceramic electric baking pans wititknesses 0.0d4 and 0.00&
respectively, and with a power input of RIB are more efficient in comparison with other
baking pan thicknesses and power sources. The thO8&amic baking pan is currently

under experimental investigation, while the G tlay baking pan is not yet realized.

Recommendations for future work:

» Experimental study of thermo-physical propertyrgéra and baking pan.
» Energy auditing during the process of injera bakmgxactly identify the losses.

» Experimental investigation of modified clay bakipans with better thermal property.
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Appendix A

Property Table

Table A-1: Property design data for thermia oil B

Temperature) . Density | Specifeneat| ity | iscosty | Prondle
' (W/m.K) (10~°xm?/s)

0 876 1.809 0.136 230 3375
20 863 1.882 0.134 - 919
40 850 1.954 0.133 25 375
60 837 2.027 0.131 18.2 273
80 824 2.100 0.129 115 171
100 811 2.173 0.128 4.7 69
120 797.8 2.246 0.127 - 54
150 778 2.355 0.125 - 32
200 746 2.538 0121 1.2 20
250 713 2.720 0.118 - 14
300 681 2.902 0.114 0.5 11
320 668 2.975 0.113 - 10
340 655 3.048 0.111 - 9
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Experimental and simulation results

APPENDIX B

Table B-1: Heat up time results fork®y and 0.02n electric clay baking paobtained from Matlab

Time | Temp. | Time | Temp. | Time | Temp. | Time | Temp. | Time | Temp.
(s) &(®) (s) ¢9 (s) &(©) (s) (&) (s) (&)
0 20 20C 54.57 40C 102.3¢ 60C 146.0¢ 80C 185.40
5 20.0¢ 20t 55.7¢ 40t 103.4¢ 60t 147.0¢ 80t 186.3:
10 20.17 21C 57.01 41C 104.6: 61C 148.1: 81C 187.2¢
15 20.1¢ 21¢% 58.2: 41°¢ 105.7° 61% 149.1¢ 81t 188.1¢
20 20.2( 22C 59.4¢ 42C 106.9: 62C 150.1¢ 82C 189.1:
25 20.3¢ 22° 60.67 42% 108.0¢ 62° 151.20 82t 190.0¢
30 20.5¢ 23C 61.8¢ 43C 109.1¢ 63C 152.2: 83C 190.9¢
35 20.87 23¢ 63.11] 43% 110.3: 63¢ 153.2¢ 83t 191.8"
40 21.2¢ 24C 64.3: 44C 111.4« 64C 154.2¢ 84( 192.7¢
45 21.7¢ 24E 65.5¢ 44E 112.5° 64t 155.2° 84t 193.70
50 22.3¢ 25C 66.7¢ 45C 113.6¢ 65C 156.2¢ 85( 194.6:
55 23.0] 25¢ 67.9¢ 45¢ 114.8: 65¢ 157.2¢ 85¢ 195.5:
60 23.7: 26C 69.1¢ 46C 115.9: 66C 158.:0 86( 196.4.
65 24.50 26E 70.41 465 117.0¢ 665 159.:0 86% 197.3.
70 25.3¢ 27C 71.6: 47C 118.1¢ 67C 160.30 87( 198.2:
75 26.2( 27¢% 72.8% 47¢ 119.2¢ 67% 161.:0 87t 199.10
80 27.12 28C 74.0:% 48C 120.3¢ 68C 162.2¢ 88C 20C.0C
85 28.07 28¢ 75.2¢ 48% 121.4 68< 163.2¢
90 29.0¢ 29C 76.44 49C 122.5° 69C 164.2°
95 30.0¢ 29t 77.6¢ 49t 123.6¢ 69< 165.2¢
10C 31.1% 30C 78.8¢ 50C 124.7¢ 70C 166.2¢
10E 32.1¢ 30E 80.04 50% 125.8¢ 705 167.2:
11C 33.2i 31C 81.2¢ 51C 126.9- 71C 168.2.
11¢F 34.3¢ 31t 82.4: 51°¢ 128.0: 71% 169.1¢
12C 35.50 32( 83.62 52C 129.1! 72C 170.1¢
12¢ 36.64 32t 84.81 52t 130.1¢ 72E 171.1%
13C 37.7¢ 33C 85.9¢ 53C 131.2¢ 73C 172.10
13E 38.9¢ 33t 87.1¢ 53¢ 132.3¢ 73¢ 173.0:
14C 40.11 34C 88.3¢ 54C 133.4: 74C 174.0:
14¢ 41.2¢ 34t 89.5¢ 54t 134.4¢ 74E 174.9¢
15C 42 .4¢ 35C 90.72 55C 135.5¢ 75C 175.9¢
15¢ 43.6' 35E 91.8¢ 55E 136.6: 75E 176.9:
16C 44.8; 36C 93.0¢ 56C 137.6. 76C 177.8¢
165 46.0; 36E 94.2: 56% 138.7: 765 178.8:
17C 47.25 37C 95.3¢ 57C 139.7¢ 77C 179.7¢
17% 48.4¢ 37¢ 96.5¢ 57¢ 140.8: 77% 180.7:
18C 49.6¢ 38C 97.7: 58C 141.8¢ 78C 181.6¢
18t 50.91 38t 98.8¢ 58t 142.9: 78E 182.5¢
19C 52.1: 39C 100.0: 59C 143.9° 79C 183.5:
19t 53.3¢ 39t 101.1¢ 59t 145.0: 79% 184.4.
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Table B-2: Heat up time results for &® and 0.02n electric clay baking pan obtained from

experiment

Time | Temp. | Time | Temp.| Time | Temp. | Time | Temp. | Time | Temp.| Time | Temp.
() | CQ | (5] (O | (59| QO | (5] (O | (89| (O | (5) | (O
0| 23.7i 70| 24.4°f 13¢ 31.9¢ 20C| 48.2i 27| 70.3¢ 34€ | 92.2¢
2| 23.7¢ 72| 24.5¢€ 141 32.2(| 211| 4881| 28C| 70.7¢| 34S| 92.8:
4| 23.7] 73] 24.6( 143 | 32.5¢| 21:| 49.2¢| 28z| 71.2¢| 351| 93.7¢
6| 23.7¢ 75| 24.7( 144 32.7¢ 215 | 49.8] 284 71.9: 35| 94.1¢
7| 23.7¢ 77| 24.7i 14€ 33.07 21€| 50.2: 28€| 72.3i 35E | 94.5¢
9| 23.7¢ 79| 24.8¢ 146 | 33.3¢| 21&| 50.7¢| 287 | 73.01| 35€| 94.8¢
11| 23.7¢ 8C| 24.9¢ 14¢ 33.6¢ 22C| 51.2( 28C| 73.6: 35€| 95.4¢
13| 23.7¢ 82| 25.0¢ 151 34.0( 22z | 51.71 291 | 73.9¢ 36C| 96.0:
14| 23.7i 84| 25.1¢ 153 | 343t 22&5| 521t 29z| 74.4.| 362| 96.4¢
16| 23.7: 85| 25.27 155 | 34.7:| 22t| 52.7¢| 294| 745.| 363| 96.7¢
18| 23.7¢ 87| 25.3¢ 15€¢| 35.1t| 227| 53.2¢| 29€| 74.6%| 36t5| 97.1(
18| 23.7¢ 89| 25.5] 156 | 35.5z| 22¢&| 53.8¢| 29¢| 74.8¢| 367| 97.5i
21| 23.7¢ 91| 25.6] 16C 35.9¢ 23C| 54.5: 29¢| 75.0: 36E | 98.3¢
23| 23.7¢ 92| 25.7¢ 162| 36.31| 23z| 55.1¢| 301| 75.4€| 37C| 98.9¢
25| 23.7i 94| 25.8¢ 163 | 36.72| 234| 55.6¢| 30| 73.5(| 372| 99.5(
26| 23.8( 96| 26.0¢ 16E 37.11 23| 56.1% 305 | 75.81 374 100.1¢
28| 23.7¢ 98| 26.1i 167 37.5( 237| 56.6f 30€| 76.5¢€ 375 | 100.5:
30| 23.7¢ 98| 26.3- 16€| 37.9(| 23¢| 57.1¢| 30€| 77.7C] 37S| 100.6¢
32| 23.8( 101 | 26.4¢ 17C| 38.3¢| 241| 57.7¢| 31C| 78.71| 381| 101.0\
33| 23.8( 102 | 26.6¢ 172 38.71 24z | 58.2¢ 311| 79.7¢ 38&| 101.6:
35| 23.82 104 | 26.8¢ 174| 39.1t| 244| 59.0:| 31| 80.61| 384 | 101.9(
37| 23.8¢ 10€ | 27.0] 17€| 39.6¢| 24€| 595¢| 31| 81.5(| 38€| 102.4%
39| 23.8¢ 10€ | 27.2: 177 40.1: 24¢ 60.1¢ 317 | 82.2¢ 38€ | 102.9¢
40| 23.8¢ 11C| 27.3¢ 17S| 40.5&| 24¢| 60.7%8| 31&| 82.7¢| 39C| 103.7¢
42 | 23.8i 111| 27.6¢ 181 40.9¢ 251 61.3¢ 32C| 83.2: 391 | 104.3%
44| 23.8¢ 11| 27.8 182 41.3¢ 258 62.0¢ 32z | 83.9] 39&| 105.1:
46| 23.8¢ 115| 28.17 185 | 41.87| 254| 6257 324| 84.6:| 39t 105.5!
47| 23.9( 117 | 28.3¢ 187 42.2: 25€ 63.0¢ 325 | 85.4¢ 397 | 105.9:
48| 23.9¢ 11€| 28.5i 18¢ 42.7: 25¢€ 63.5] 327 | 86.1: 39€ | 106.5¢
51| 23.9¢ 12C| 28.7i 19C| 4314 26C| 64.1(] 32¢| 86.8¢| 40C| 107.1%
52| 23.9i 122 | 29.0¢ 192| 43.6(| 261| 64.7:| 33C| 87.4%| 40zZ| 107.3¢
54| 24.0¢ 124 29.2¢ 194 43.9¢ 268 65.2¢ 33z | 88.1( 40Z | 107.8(
56| 24.0¢ 128 | 29.4¢ 19¢€ 44.4; 26E 65.8: 334 | 88.5¢ 405 | 108.2(
58| 24.1] 127 | 29.7: 197| 449(| 26€| 66.3¢| 33€| 89.2:| 40€| 108.6:
59| 24.1t 12¢| 30.0: 19¢ 45,44 26¢ 67.0( 337 | 89.6¢ 407 | 109.0¢
61| 24.1¢ 13C| 30.37| 201| 45.8:| 27C| 67.6:| 33| 90.2f| 40E| 109.4¢
63| 24.21 132 | 30.5¢ 203 46.2¢ 272 68.44 341| 90.7i 41C| 110.1¢
65| 24.3¢ 134 30.9C 204 46.81 27¢ 68.84 345 90.9¢ 41z | 110.7:
66| 24.3¢ 13€| 31.2¢| 20€| 47.2¢| 27E| 69.2¢]| 344| 91.3¢| 413| 111.2¢
68| 24.4( 137 | 31.5i 20€ 47.7i 2717 69.8’ 34€ | 91.8( 41| 111.9¢
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...experimental result continued

Time | Temp. | Time | Temp. | Time | Temp. | Time | Temp. | Time | Temp. | Time | Temp

() | CQ | (5 | (€O (s) | (© (s) | (O (s) | (9 (s) | Q)

417 | 112.5: 487 | 116.2¢ 55& | 128.0¢ 631 | 148.2: 703 171.5¢ 774 186.1(

41¢| 113.0¢ 48¢| 116.3¢ 56C| 128.6: 632 | 149.5¢ 705 | 171.5: 77€| 186.9¢

42C| 113.5¢ 49C| 116.4: 561| 129.6: 63| 149.6. 707 | 171.1 77| 187.4:

422 | 113.6¢ 49z | 116.4 563 | 130.5¢ 637 | 150.7¢ 70& | 170.6¢ 77¢| 188.6:

424 | 113.8( 494 | 116.5: 565 | 130.8¢ 63¢| 151.7¢ 71C| 171.0¢ 781 | 188.9:

42€| 113.87| 49€| 116.5¢ 56€ | 131.5¢ 641 | 152.4¢ 71z | 171.3¢ 783 | 190.2(

427 113.9t| 497| 116.6¢ 56€ | 132.5( 64z | 152.8: 715 171.9¢ 785 | 190.5%

42¢| 114.0 49¢ | 116.7: 57C| 132.9: 644 | 153.5¢ 715 | 172.0¢ 78€ | 190.5¢

431 | 114.1¢ 501| 116.7: 57z | 132.9¢ 64€ | 154.4¢ 717 | 172.4¢ 78€ | 190.6¢

433 114.2¢ 50z | 116.8: 57&] 133.6] 64€ | 155.0( 71S¢| 173.2¢ 79C| 190.8¢

434 114.3¢ 504 | 116.8¢ 578 | 134.1: 64< | 155.9: 72C | 174.1: 792 | 191.1(

43€| 114.5¢ 50€| 116.9¢ 57S¢| 134.5: 651 | 156.4¢ 722 | 175.0 793 191.2(

43€ | 114.6( 50€| 117.0: 581| 135.0: 652 | 156.5¢ 724 175.2( 795 | 191.5%

43¢ | 114.6: 50€| 117.2¢ 58z | 136.0: 654 | 156.2¢ 72€| 175.9¢ 797 191.8(

441 114.7: 511] 116.5: 584 | 136.7: 65€ | 156.6¢ 727 176.1: 79| 191.9¢

443 | 114.8 51z | 117.7: 58€| 137.1¢ 65& | 156.9: 72¢| 176.1: 80C | 192.5¢

44t | 114.9¢ 51| 117.8¢ 58&| 137.8¢ 66C | 156.6: 731 176.3 80z | 192.9¢

44€| 115.0( 51€| 117.5: 58¢| 138.5( 661 | 156.6: 738 | 177.0¢ 804 | 194.1:

44&| 115.0¢ 51&| 117.9¢ 591 | 139.4: 665 | 157.6( 734 177.2¢ 80€ | 194.4°

45C| 115.1: 52C| 118.2 593 | 139.7¢ 665 | 157.1¢ 73€| 178.4: 807 | 196.2¢

452 | 115.1¢ 521| 118.8¢ 598 | 139.2¢ 667 | 157.8¢ 73€| 179.1: 80€ | 196.5!

453 115.2¢ 52&| 119.2: 59€| 139.3¢ 66€ | 158.1: 73S | 179.5¢ 811 ] 196.7¢

455 | 115.2] 528 119.9¢ 59€ | 140.9¢ 67C| 159.7: 741| 179.6: 81z | 197.0¢

457 115.3: 527 | 120.7: 60C | 141.1¢ 67z | 160.0¢ 745 179.6¢ 814 | 197.1%

45€ | 115.3¢ 52¢| 121.1¢ 601 | 141.6( 674| 160.1¢ 745 | 180.8¢ 81€| 197.3(

46C | 115.4( 53C| 121.6¢ 603 | 142.0: 675 | 161.0; 74€| 180.4¢ 81| 197.1¢

46z | 115.4¢ 53z | 122.4¢ 605 | 142.0¢ 677| 161.0: 74€ | 182.2¢ 81¢| 197.3:

464 115.4¢ 534 | 122.0¢ 607 | 142.4¢ 67¢| 161.3: 75C | 182.1¢ 821 | 198.2:

465 | 115.5: 538 | 122.2¢ 60E | 143.4: 681 | 161.6¢ 75z | 182.3 825 | 199.1:

467 | 115.5¢ 537 | 123.0¢ 61C| 144.1( 68z | 162.6: 758 | 182.4. 82E | 199.1¢

46€ | 115.7( 53¢ | 125.3¢ 612 | 144.9¢ 684 | 163.0( 755 | 182.1¢ 82€ | 199.3¢

47C| 115.7¢ 541 124.3: 614 | 145.7: 68€ | 164.1: 757 | 183.0( 82€ | 199.3¢

471 | 115.8( 54z | 125.4: 61| 145.1( 687 | 165.0; 75¢| 183.0: 83C | 199.4(

473 115.8¢ 544 | 125.6: 617 | 145.1f 68C | 165.8: 76C | 183.4 832 | 199.4¢

475 115.8¢ 54€| 125.8: 61S| 145.5( 691 | 167.7: 762 | 183.5¢ 83| 199.5%

477 | 115.9: 547 | 126.1¢ 621| 145.8: 692 | 168.3: 764 | 183.5¢ 83| 199.6:

47€| 115.9| 54¢| 126.5: 622 | 145.8¢ 694 | 169.1: 76€ | 183.6: 837 | 199.7¢

48C | 116.0¢ 551 126.8( 624 | 145.8¢ 69€| 170.5¢ 767 | 184.0¢ 83€ | 199.9¢

48z | 116.1: 558 | 127.2¢ 62€ | 146.8. 69€ | 171.2¢ 76S | 184.2: 841 | 200.0(

483| 116.17| 554| 127.53| 627| 147.01] 700| 171.46| 771| 184.02

48t | 116.2¢ 55€| 127.5¢ 62S| 147.3: 701 171.4¢ 772 184.7¢
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APPENDIX C

M atlab Codes

%Matlab program to solve the axisymmetric transhedt transfer during heat up and cyclic injeraitogk

% N.B: the boundary condition varies dependinghenpower source used (electric or heated oil)

% T,rr+ (T,N/r+T,zz=a Tt 0<r<0.3,0< 202
% T,r(0,z) =0, T,r(0.3,z) = (20/0.8)*(T-20)

% using linear triangular elements

% Variable descriptions

% k = element matrix

% f = element vector

% kk = system matrix

% ff = system vector

% gcoord = coordinate values of each node

% nodes = nodal connectivity of each element

% index = a vector containing system dofs assatiafth each element
% bcdof = a vector containing dofs associated Withndary conditions
% bcval = a vector containing boundary conditiofuga

nel=260;

nnel=3;

ndof=1;
nnode=154;
sdof=nnode*ndof;
deltt=1;
stime=0.0;
ftime=1585;
ntime=fix((ftime-stime)/deltt);
iel=1:nel;

for nel=1:200

rho=2400;
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% numbéelements

% number of nodes glement

% number ofgiper node

% total number of nodes iatsyn

% totgstem dofs

% time step size for transi@malysis
% initial time

%rtenation time

% number of time increment

% Density of the matetkglim3]
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cp=960; % heat capacity of the materi&tjJ]

k=0.8; % thermal conductivity of material [W/nj.K

a=(rho*cp)/k; % coefficient for the trandiéerm
end

for nel=201:260

sigma=0.56; % thermo-gradient coefficient [degree M/K]
lamda=2.257*10"(6); % latemtath of vaporization of water vapor [J/kg]
epsilon=0.3; % ratio of vapordigion coefficient to diffusion of moisture
D=0.288 *107(-4); %Diffusi@oefficient between air and water [m2/s]
rho=1160.29; % Density of Injfg/m3]
cp=3440.1, % heat capacity of Injarkf.K]
k=0.655; %tmal conductivity of Injera pest initial[W/m.K]

% a= (rho*cp)/ (k+ (epsilon*lamda*rho*sigma* D))

end
hc1=15.9; % convectiveadiative heat transfer coefficient of airfw/mdRover the surface of pan
bl=hcl/k; d1=20; % Ctards for Cauchy-type BC (dT/dn=b(T-d))

hc2=354.532; %convective heat transfegftioient of Thermia oil B][W/m2.K]

b2=hc2/k; d2=275; %Cads for Cauchy-type BC (dT/dn=b(T-d))

%hc2=2.5; danvective transfer coefficient of air [W/m2.K]
%b2=hc2/k; d2=20; %Comgtafor Cauchy-type BC (dT/dn=b(T-d))
Ofmmm o

hc4=2000; b4=hc4/k; d4=90; % boiling heat transfer coefficient
% teta=0; % Forward difference method for time scheme
teta=1, % Back ward difference method for time scheme
% teta=0.5; %Crank-Nicolson method for time scheme
% teta=2/3; % Galerkin’s method for time sotee
nf=40; % number of element boundaries witix fl
nnels=2; % number of nodes per side of each elemen
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gcoord=[
0.0 0.0;0.03 0.0;0.06 0.0;0.09 0.0;0.00;0.15 0.0;0.18 0.0;0.21 0.040@0; 0.27 0.0; 0.30 0.0;

0.0 0.0008;0.03 0.0008;0.06 0.0008;0.09 0.m@g8 0.0008;0.15 0.0008;0.18 0.0008;0.21 BMA4
0.0008;0.27 0.0008;0.30 0.0008; 0.00 0.0008;0 0.0016;0.06 0.0016;0.09 0.0016;0.12 0.0D16;
0.0016;0.18 0.0016;0.21 0.0016;0.24 0.0016;021016;0.30 0.0016; 0.00 0.0024;0.03 0.0024,;0.0024,0.09
0.0024;0.12 0.0024;0.15 0.0024;0.18 0.0024;0.20024;0.24 0.0024;0.27 0.0024;0.30 0.0024;0.00032(0.03
0.0032;0.06 0.0032;0.09 0.0032;0.12 0.0032;01®32;0.18 0.0032;0.21 0.0032;0.24 0.0032;0A¥032;0.30
0.0032; 0.00 0.004;0.03 0.004;0.06 0.004;0.0004;0.12 0.004;0.15 0.004;0.18 0.004;0.21004,0.24
0.004,;0.27 0.004;0.30 0.004; 0.00 0.0048;0008048;0.06 0.0048;0.09 0.0048;0.12 0.0048;0013048;0.18
0.0048;0.21 0.0048;0.24 0.0048;0.27 0.0048;003W48; 0.00 0.0056;0.03 0.0056;0.06 0.0056,00I56;0.12
0.0056;0.15 0.0056;0.18 0.0056;0.21 0.0056;0.240056;0.27 0.0056;0.30 0.0056; 0.00 0.00680.
0.0064;0.06 0.0064;0.09 0.0064;0.12 0.0064;001364;0.18 0.0064;0.21 0.0064;0.24 0.0064;023064,;0.30
0.0064; 0.00 0.0072;0.03 0.0072;0.06 0.0072;00¥72;0.12 0.0072;0.15 0.0072;0.18 0.0072;02A1072;0.24
0.0072;0.27 0.0072;0.30 0.0072; 0.00 0.008;0.0308;0.06 0.008;0.09 0.008;0.12 0.008;0.0.008;0.18
0.008;0.21 0.008;0.24 0.008;0.27 0.008;03008;

0 0.009; 0.03 0.009; 0.06 0.009; 0.09 0.009; 0.0P® 0.15 0.009; 0.18 0.009; 0.21 0.009; 0.20@:. 0.27 0.009;
0.3 0.009; 00.01, 0.03 0.01; 0.06 0.01; 0.@40 0.12 0.01; 0.150.01; 0.18 0.01; 0.21P.0.24 0.01; 0.27
0.01; 0.3 0.01; 00.011; 0.03 0.011; 0.06 0.@L@9 0.011,; 0.12 0.011; 0.15 0.011; 0.18 0.0021 0.011; 0.24
0.011; 0.27 0.011; 0.3 0.011];

1213;2314,34154516;56 17;6 718;7 8819;20;9 10 21;10 11 22; 1 13 12; 2 14 13;3 154146 15;5 17
16,6 18 17;7 19 18; 8 20 19;9 21 20;10 22 21;124;313 14 25;14 15 26; 15 16 27;16 17 28;17 1818919 30;19
20 31;20 21 32;21 22 33; 12 24 23;13 25 24; 1428227 26; 16 28 27;17 29 28; 18 30 29;19 31 36201;21
33 32; 23 24 35;24 25 36; 25 26 37;26 27 38;27 28829 40; 29 30 41,30 31 42;31 32 43; 32 33 8432 34,24
36 35;25 37 36;26 38 37;27 39 38; 28 40 39; 20@130 42 41,31 43 42;32 44 43; 34 35 46;35 36 4886837
38 49;38 39 50; 39 40 51, 40 41 52;41 42 53;4243344 55; 34 46 45;35 47 46;36 48 47; 37 49 £35349;39
51 50; 40 52 51;41 53 52;42 54 53,43 55 54, 45748647 58; 47 48 59;48 49 60,49 50 61,50 51 6255863;52
53 64,53 54 65; 54 55 66; 45 57 56;46 58 57;47 &2&H60 59;49 61 60;50 62 61; 51 63 62; 52 64 G865 64,54
66 65; 56 57 68;57 58 69;58 59 70;59 60 71,60 161562 73; 62 63 74,63 64 75,64 65 76,65 66 7768567;57
69 68;58 70 69; 59 71 70; 60 72 71;61 73 72; 62343 75 74,64 76 75,65 77 76; 67 68 79;68 69 80/® 81,70
7182;71 72 83,72 73 84; 73 74 85;74 75 86,75 7&/877/7 88; 67 79 78,68 80 79,69 81 80;70 82 887 82,72 84
83; 73 85 84; 74 86 85; 75 87 86,76 88 87; 78 7,9980 91,80 81 92,81 82 93;82 83 94, 83 84 9538B496;85 86
97;86 87 98,87 88 99; 78 90 89;79 91 90;80 92 91938 92; 82 94 93;83 95 94;84 96 95,85 97 96;80B87 99
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98;89 90 101;90 91 102;91 92 103;92 93 104,93 B4 98 95 106; 95 96 107; 96 97 108; 97 98 109; B3 10; 89
101 100; 90 102 101; 91 103 102; 92 104 103;1@3104; 94 106 105;95 107 106; 96 108 107; %y 11UB; 98
110 109; 100 101 112; 101 102 113;102 103 1141BB115;104 105 116; 105 106 117; 106 107 118; 108
119;108 109 120;109 110 121; 100 112 111;101 123102 114 113; 103 115 114;104 116 115; 105 157 106
118 117;107 119 118;108 120 119;109 121 120;111 1A2112 113 124;113 114 125;114 115 126;115 116
127;116 117 128;117 118 129;118 119 130;119 1201281121 132;111 123 122;112 124 123;113 125 124;11
126 125;115 127 126;116 128 127;117 129 128;1181230119 131 130;120 132 131;122 123 134;123 124235
125 136;125 126 137;126 127 138;127 128 139;1281#P9129 130 141,130 131 142;131 132 143;122 134233
135 134,124 136 135;125 137 136;126 138 137;1271889128 140 139;129 141 140;130 142 141;131 148382
134 145;134 135 146;135 136 147;136 137 148;137 1488138 139 150;139 140 151;140 141 152;141 142
153;142 143 154;133 145 144,134 146 145;135 14718486148 147,137 149 148;138 150 149;139 151 1%0;14
152 151;141 153 152;142 154 153];

nfix(1,1)=111; nflx(1,2)=112; % nodes on 1st element side with flux
nflx(2,1)=112; nflx(2,2)=113; % nodes on 2nd element side with flux
nflx(3,1)=113; nflx(3,2)=114; % nodes on 3rd element side with flux
nflx(4,1)=114; nflx(4,2)=115; % nodes on 4th element side with flux
nflx(5,1)=115; nflx(5,2)=116; % nodes on 5th element side with flux
nflx(6,1)=116; nflx(6,2)=117; % nodes on 6th element side with flux
nflx(7,1)=117; nflx(7,2)=118; % nodes on 7th element side with flux
nflx(8,1)=118; nflx(8,2)=119; % nodes on 8th element side with flux
nflx(9,1)=119; nflx(9,2)=120; % nodes on 9th element side with flux
nflx(10,1)=120;nflx(10,2)=121; % nodes on 10th element side with flux
nflx(11,1)=1; nflx(11,2)=2; % nodes on 11th element side with flux
nflx(12,1)=2; nflx(12,2)=3; % nodes on 12th element side with flux
nflx(13,1)=3; nflx(13,2)=4; % nodes on 13th element side with flux
nflx(14,1)=4; nflx(14,2)=5; % nodes on 14th element side with flux
nflx(15,1)=5; nflx(15,2)=6; % nodes on 15th element side with flux
nflx(16,1)=6; nflx(16,2)=7; % nodes on 16th element side with flux
nflx(17,1)=7; nflx(17,2)=8; % nodes on 17th element side with flux
nflx(18,1)=8; nflx(18,2)=9; % nodes on 18th element side with flux
nflx(19,1)=9; nflx(19,2)=10; % nodes on 19th element side with flux
nflx(20,1)=10; nflx(20,2)=11, % nodes on 20th element side with flux
nflx(21,1)=11; nflx(21,2)=22; % nodes on 21th element side with flux
nflx(22,1)=22; nflx(22,2)=33; % nodes on 22th element side with flux
nflx(23,1)=33; nflx(23,2)=44; % nodes on 23th element side with flux
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nflx(24,1)=44; nflx(24,2)=55; % nodes on 24th element side with flux
nflx(25,1)=55; nflx(25,2)=66; % nodes on 25th element side with flux
nflx(26,1)=66; nflx(26,2)=77; % nodes on 26th element side with flux
nflx(27,1)=77; nflx(27,2)=88; % nodes on 27th element side with flux
nflx(28,1)=88; nflx(28,2)=99; % nodes on 28th element side with flux
nflx(29,1)=99; nflx(29,2)=110; % nodes on 29th element side with flux
nflx(30,1)=110; nflx(30,2)=121; % nodes on 30th element side with flux
nfix(31,1)=144; nflx(31,2)=145; % nodes on 31st element side with flux
nflx(32,1)=145; nflx(32,2)=146; % nodes on 32nd element side with flux
nflx(33,1)=146; nflx(33,2)=147; % nodes on 33rd element side with flux
nflx(34,1)=147; nflx(34,2)=148; % nodes on 34th element side with flux
nflx(35,1)=148; nflx(35,2)=149; % nodes on 35th element side with flux
nflx(36,1)=149; nflx(36,2)=150; % nodes on 36th element side with flux
nflx(37,1)=150; nflx(37,2)=151; % nodes on 37th element side with flux
nflx(38,1)=151; nflx(38,2)=152; % nodes on 38th element side with flux
nflx(39,1)=152; nflx(39,2)=153; % nodes on 39th element side with flux
nflx(40,1)=153; nflx(40,2)=154; % nodes on 40th element side with flux

ffo=zeros(sdof,1); % initialization of systeraator
fn=zeros(sdof,1); % initialization of effective system vecto
fsol=zeros(sdof,1); % initialization of solutioregtor
kko=zeros(sdof,sdof); % initialization of system miatr
mm=zeros(sdof,sdof); % initialization of system matri
index=zeros(nnel*ndof,1); % initialization of index vector
fl=zeros(nnels*ndof,1); % element fluector
kl=zeros(nnels*ndof,nnels*ndof); % flux miat
index1=zeros(nnels*ndof,1); % flux index v¥ec

O/ mm o
% computation of element matrices and vectors hed assembly
Offmmmmmm e mmmm e mm e

for iel=1:nel % loop for the total number of etnts
nd(1)=nodes(iel,1); % 1st connected node for (iel)-th element
nd(2)=nodes(iel,2); % 2nd connected node for (iel)-th element
nd(3)=nodes(iel,3); % 3rd connected node for (iel)-th element
rl=gcoord(nd(1),1); z1=gcoord(nd(1),2); % coord values of 1st node
r2=gcoord(nd(2),1); z2=gcoord(nd(2),2); % coord values of 2nd node
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r3=gcoord(nd(3),1); z3=gcoord(nd(3),2);

% coord values of 3rd node

%qr=3/3;
%P1=qr*32.8956;
%P2=qr*72.3720;
%P3=qr*111.8400;
%P4=qr*151.3200;
%P5=qr*190.80;
%P6=qr*230.280;
%P7=qr*269.760;
%P8=qr*309.2400;
%P9=qr*348.7200;
%P10=qr*388.2000;
%P11=qr*427.6320;
%P12=qr*467.1600;

% factor for changing the powerrseu
% power distrilon per circumference in the 1st loop
% power distritaut per circumference in the 2nd loop
% power distritoumt per circumference in the 3rd loop
% power distritmut per circumference in the 4th loop
% power distrilon per circumference in the 5th loop
% power distrilom per circumference in the 6th loop
% power distrilom per circumference in the 7th loop
% power distritount per circumference in the 8th loop
% power distritmut per circumference in the 9th loop
% power distributipar circumference in the 10th loop
% power distributipar circumference in the 11th loop

% power distributipar circumference in the 12th loop

%ffo(56)=0.416667*P1;
%ffo(57)=0.583333*P1+0.25*P2;
%ffo(58)=0.75*P2+0.083333*P3+0.916667*P4:;
%ff0(59)=0.916667+P3+0.08333*P4+0.75*P5;
%ff0(60)=0.25*P5+0.583333*P6;
%ffo(61)=0.416667*P6+0.41667*P7;
%ffo(62)=0.58333*P7+0.25*P8;
%ffo(63)=0.75*P8+0.083333*P9+0.916667*P10;
%ffo(64)=0.916667+P9+0.08333*P10+0.75*P11;
%ffo(65)=0.25*P11+0.583333*P12;
%ff0(66)=0.416667+P12;

% heat generation rate at inside node
% heat generation rate at inside node
Reéat generation rate at inside
% heat generation rate at inside
% heat generation rate at inside node
Heéat generation rate at inside node
% heat generation rate at inside node
Héat generation rate at inside
Héat generation rate at inside
% heat generation rate at inside node

% heat generation rate at outside node

index=feeldof(nd,nnel,ndof);
ko=felpaxt3(rl,z1,r2,z2,r3,z3);
m=a*felpt2t3(r1,z1,r2,z2,r3,z3);
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% edt system dofs associated with element
% compute element matrix

% compute element matrix
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kko=feasmbl1(kko,ko,index); % assemble element matrices
mm=feasmbl1(mm,m,index); % assemble element matrices
end

% initial conditions

for in=1:sdof
fsol(in)=20; idttial condition
end
sol(1,1)=fsol(8); % sol contains time-history solution at node 8
sol(2,1)=fsol(30); % sol contains time-history solution at node 30
sol(3,1)=fsol(63); % sol contains time-history solution at node 63
sol(4,1)=fsol(74); % sol contains time-history solution at node 74
sol(5,1)=fsol(96); % sol contains time-history solution at node 96
sol(6,1)=fsol(118); il contains time-history solution at node 118
sol(7,1)=fsol(149); il contains time-history solution at node 149

for it=1:deltt:ntime
kk=kko; ff=ffo;

for ifx=11:30
nds(1)=nflx(ifx,1); éxtract node with flux BC for (ifx)-th element
nds(2)=nflx(ifx,2); étarct node with flux BC for (ifx)-th element
rl=gcoord(nds(1),1); z1=gcoord(nds(1),2); % nodal coordinate
r2=gcoord(nds(2),1); z2=gcoord(nds(2),2); % nodal coordinate
eleng=sqrt((r2-r1)*(r2-r1)+(z2-z1)*(z2-z1)); % element side length
index1=feeldof(nds,nnels,ndof); % find related system dofs
b=b2; d=d2;
k1l=b*feflxl2(eleng,rl,r2); % compute edminmatrix due to convection bound.
fl=b*d*fefll(eleng,r1,r2); % compute edmnvector due to convection bound.
[kk,ffl=feasmbl2(kk,ff,k1,f1,index1); % asdbm
end

for ifx=1:10
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nds(1)=nflx(ifx,1); %tract node with flux BC for (ifx)?th element
nds(2)=nflx(ifx,2); %tarct node with flux BC for (ifx)?th element
rl=gcoord(nds(1),1); z1=gcoord(nds(1),2); % nodal coordinate
r2=gcoord(nds(2),1); z2=gcoord(nds(2),2); % nodal coordinate
eleng=sqrt((r2-r1)*(r2-r1)+(z2-z1)*(z2-z1)); % element side length
index1=feeldof(nds,nnels,ndof); % find related system dofs
if it<=355 %heat up period
nel=200; nnode=121,;
b=b1; d=d1;
elseif it>355 & it <=505 %hbadgiperiod
nel=260;nel=260; nnode=154;
b=b4; d=d4;
b1=0; d1=0;
elseif it>505 & it <=625 ifte period
nel=200; nnode=121,
b=b1; d=d1,;
elseif it>625 & it <=775 %hbadgiperiod
nel=260; nnode=154;
b=b4; d=d4;
b1=0; d1=0;
elseif it>775 & it <=895 ifte period
nel=200; nnode=121;
b=b1; d=d1;
elseif it>895 & it <=1045 %bakiperiod
nel=260; nnode=154;
b=b4; d=d4;
b1=0; d1=0;
elseif it>1045 & it <=1165 #lta period
nel=200; nnode=121,
b=b1; d=d1;
elseif it>1165& it <=1315
nel=260; nnode=154; %badgiperiod
b=b4; d=d4;
b1=0; d1=0;
elseif it>1315 & it <=1435 #lta period
nel=200; nnode=121;
b=b1; d=d1;
b1=0; d1=0;

91



Heat transfer analysis during the process of injpaking by finite element mett

else

nel=260; nnode=154;

b=b4; d=d4;
b1=0; d1=0;
end
k1=b*feflxl2(eleng,rl,r2);
fi=b*d*fefll(eleng,rl,r2);

[kk,ffl=feasmbl2(kk,ff,k1,f1,index1);

end

for ifx=31:40
nds(1)=nflx(ifx,1);
nds(2)=nflx(ifx,2);

rl=gcoord(nds(1),1); z1=gcoord(nds(1),2);
r2=gcoord(nds(2),1); z2=gcoord(nds(2),2);
eleng=sqrt((r2-r1)*(r2-r1)+(z2-z1)*(z2-z1));

index1=feeldof(nds,nnels,ndof);

if it<=355
nel=200; nnode=121;

b=0; d=0;
elseif it>355 & it <=505

nel=260; nnode=154;

b=b1; d=d1;

elseif it>505 & it <=625
nel=200; nnode=121,;
b=0; d=0;

elseif it>625 & it <=775

nel=260; nnode=154;

b=b1; d=d1,

elseif it>775 & it <=895
nel=200; nnode=121,;
b=0; d=0;

elseif it>895 & it <=1045

nel=260; nnode=154;

b=b1; d=di;

elseif it>1045 & it <=1165

nel=200; nnode=121;
b=0; d=0;
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%badgiperiod

% compute edgmmatrix due to convection bound.

% compute edsnvector due to convection bound.

% asbhm

tract node with flux BC for (ifx)?th element
Otarct node with flux BC for (ifx)?th element
% nodal coordinate
% nodal coordinate
% element side length
% find related system dofs

%heat up period

%hbadsiperiod

ifte period

%hbadsiperiod

ifte period

%bakiperiod

#ite period
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elseif it>1165 & it <=1315 %bakiperiod
nel=260; nnode=154;
b=b1; d=d1,
elseif it>1315 & it <=1435 #lta period
nel=200; nnode=121,
b=0; d=0;
else
nel=260; nnode=154; Y%hradsiperiod
b=b1; d=d1,
end
k1l=b*feflxl2(eleng,rl,r2); % compute edminmatrix due to convection bound.
fl=b*d*fefll(eleng,rl,r2); % compute edmnvector due to convection bound.
[kk,ffl=feasmbl2(kk,ff,k1,f1,index1); % asdbm
end
aa=mm-+deltt*teta*kk;
vv=deltt*ff+(mm-deltt*(1-teta)*kk)*fsol, % compute effective column vector
fsol=aa\vv; % solve the matquation
if it<=355
nel=200; nnode=121;
sol(1,it+1)=fsol(8); % sol contains time history solution at node 8
sol(3,it+1)=fsol(63); il contains time history solution at node 63
sol(6,it+1)=fsol(118); % sontains time history solution at node 118

fsol(149)=20;
sol(7,it+1)=20;

elseif it>355 & it <=505
nel=260; nnode=154;

sol(1,it+1)=fsol(8); % sol contains time history solution at node 8
sol(3,it+1)=fsol(63); il contains time history solution at node 63
sol(6,it+1)=fsol(118); % sontains time history solution at node 118
sol(7,it+1)=fsol(149); % sontains time history solution at node 151

elseif it>505 & it <=625
nel=200; nnode=121;

sol(1,it+1)=fsol(8); % sol contains time history solution at node 8
sol(3,it+1)=fsol(63); il contains time history solution at node 63
sol(6,it+1)=fsol(118); % sontains time history solution at node 118

fsol(149)=20;
sol(7,it+1)=20;
elseif it>625 & it <=775
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nel=260; nnode=154;
sol(1,it+1)=fsol(8);
sol(3,it+1)=fsol(63);
sol(6,it+1)=fsol(118);
sol(7,it+1)=fsol(149);

elseif it>775 & it <=895

nel=200; nnode=121;
sol(1,it+1)=fsol(8);
sol(3,it+1)=fsol(63);
sol(6,it+1)=fsol(118);
fsol(149)=20;
sol(7,it+1)=20;

elseif it>895 & it <=1045

nel=260; nnode=154;
sol(1,it+1)=fsol(8);
sol(3,it+1)=fsol(63);
sol(6,it+1)=fsol(118);
sol(7,it+1)=fsol(149);

elseif it>1045& it <=1165

nel=200; nnode=121,
sol(1,it+1)=fsol(8);
sol(3,it+1)=fsol(63);
sol(6,it+1)=fsol(118);
fsol(149)=20;
sol(7,it+1)=20;

elseif it>1165 & it <=1315

nel=260; nnode=154;
sol(1,it+1)=fsol(8);
sol(3,it+1)=fsol(63);
sol(6,it+1)=fsol(118);
sol(7,it+1)=fsol(149);

elseif it>1315& it <=1435

nel=200; nnode=121;
sol(1,it+1)=fsol(8);
sol(3,it+1)=fsol(63);
sol(6,it+1)=fsol(118);
fsol(149)=20;
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% sol contains time history solution at node 8
il contains time history solution at node 63
% sointains time history solution at node 118

% sontains time history solution at node 151

% sol contains time history solution at node 8
gl contains time history solution at node 63

% sontains time history solution at node 118

% sol contains time history solution at node 8
gl contains time history solution at node 63
% sontains time history solution at node 118

% sontains time history solution at node 151

% sol contains time history solution at node 8
il contains time history solution at node 63

% sontains time history solution at node 118

% sol contains time history solution at node 8
il contains time history solution at node 63
% sontains time history solution at node 118

% sontains time history solution at node 151

% sol contains time history solution at node 8
gl contains time history solution at node 63

% sontains time history solution at node 118
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sol(7,it+1)=20;

else
nel=260; nnode=154;
sol(1,it+1)=fsol(8); % sol contains time history solution at node 8
sol(3,it+1)=fsol(63); il contains time history solution at node 63
sol(6,it+1)=fsol(118); % sontains time history solution at node 118
sol(7,it+1)=fsol(149); % sontains time history solution at node 151

end

end

O

%updating and correcting thermal conductivity dsrection of time and temperature

O ——

for iel=201:260
a(iel)=(rho*cp)/k;
M=0.73-(9.9*10"-4)*it; %moisture tamt as linear function of baking time
elmcon =[nodes(:,1) nodes(:,2) nodes(:,3)];
Te(iel) = (1/3)*(fsol(elmcon(iel, 1))+ fsol(elma(iel,2))+ fsol(elmcon(iel,3)));
a(iel)=(rho*cp)/(0.18587871+(0.001275388*Te)jet (0.57109*M) + (1.7625*10"-

3*Te(iel)*M)+(epselon*lamda*rho*sigma*D));

m=a(iel)*felpt2t3(r1,z1,r2,z2,r3,z3); % compute element matrix
mm=feasmbl1(mm,m,index); % assemble element matrices
end

store3=[ sol(6,:)]
store4=[ sol(7,’)]

time=0:deltt:ntime*deltt;
plot(time,sol(1,:),'Color','b','LineWidth',1.75)jdron; hold on;
plot(time,sol(3,:),'Color','g','LineWidth’,1.75);kton;
plot(time,sol(6,:),'Color','r",'LineWidth',1.75);kbon;
plot(time,sol(7,:),'Color','b’,'LineWidth',1.75);ktboff;
axis([0,1585,0,320]);set(gca, xtick’,[0:100:1585¢k(gca, 'ytick',[0:20:320]);

xlabel('Time (s)','color','b")

95



Heat transfer analysis during the process of injpaking by finite element mett

ylabel('Temperature (\circC)','color’,'b")
gtext('node 8");gtext('node 63"); gtext('node LIgext('node 149%;
gtext('inj-1"); gtext('inj-2"); gtext('inj-3"); git('inj-4"); gtext('inj-5";

% FEM FUNCTIONS

%

function [m]=felpt2t3(r1,z1,r2,z2,r3,z3)-

% Purpose:

% element matrix for transient term of tdomensional

% Laplace's equation using linear triangular elemen

% Synopsis:

% [m]=felpt2t3(r1,z1,r2,z2,r3,z3)

% Variable Description:

% m- element stiffness matrix (size of 3x3)

% rl, yl- x and y coordinate values of the first node ofrelat

% r2, y2- x and y coordinate values of the second nodeavfieht

% r3, y3- x and y coordinate values of the third node ofmelit

% element matrix

A=0.5*%(r2*z3+r1*z2+r3*z1-r2*z1-r1*z3-r3*z2); % area of the triangule
m = (A/60)* [ 6*r1+2*r2+2*r3 2*r1+2*r2+r3 2*rl+r2+2r3;
2*11+2*r2+r3 2*r1+6*r2+2*r3 r1+2*r2+2*r3;

2%r1+r2+2*r3 rl+2*r2+2*r3 2*r1+2*r2+6*r3 |;

% Purpose:

% Assembly of element matrices into the systemimatr
% Synopsis:

% [kk]=feasmbl1(kk,k,index)

% Variable Description:

% Kk - system matrix

% k - element matrix

% index- d.o.f. vector associated with an element

edof = length(index);
for i=1:edof
ii=index(i);

for j=1:edof
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li=index(j);

Kk(ii,jj)=kk(ii,jj) +k(.j);
end
end
/e e o oo m e e
function [Kkk,ffl=feasmbl2(kk,ff,k,f,index)
O/ = m e e m e mme

% Purpose:

% Assembly of element matrices into the systemim&itr
% Assembly of element vectors into the system wecto
% Synopsis:

% [Kk,ffl=feasmbl2(kk,ff k,f,index)

% Variable Description:

% kk - system matrix

% ff - system vector

% k - element matrix

% f - element vector

% index- d.o.f. vector associated with an element

O/ = m e oo oo mmeem
edof = length(index);
for i=1:edof
ii=index(i);
ff(il)=ff(ii)+f();
for j=1:edof
ji=index(j);
Kk(ii,jj)=Kk(ii.jj) +k(i.j);
end
end
L
function [index]=feeldof(nd,nnel,ndof)
O/ = m e e oo m o mme

% Purpose:

% Compute system dofs associated with each element

% Synopsis:

% [index]=feeldof(nd,nnel,ndof)

% Variable Description:

% index- system dof vector associated with element "iel"

% iel - element number whose system dofs are to be detedmi

% nnel- number of nodes per element
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% ndof- number of dofs per node

O/ e e
edof = nnel*ndof;
k=0;
for i=1:nnel
start = (nd(i)1)*ndof;
for j=1:ndof
k=k+1;
index(k)=start+j;
end
end
L
function [f]=fefll(eleng,r1,r2)
O/ e e

% Purpose:
% element vector for f(x)=1

% using linear element

% Synopsis:

% [f]=fefll(eleng,rl,r2)

% Variable Description:

% f - element vector (size of 2x1)

% xl - coordinate value of the left node

% xr - coordinate value of the right node

% element vector
eleng=r2rl; % element length

f=(eleng/6)*[ 2*rl+r2; rl+2*r2];

% Purpose:

% element matrix for Cauckhtype boundary such as du/dn=du
% using linear element where a and b are knowntaotss

% Synopsis:

% [Kk]=feflxI2(eleng)

% Variable Description:

% k - element vector (size of 2x2)

% eleng- length of element side with given flux
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% element matrix
=(eleng/12)*[ 3*r1+r2 r1+r2;rl+r2 r1+3*r2];

% Purpose:

% element matrix for axisymmetric Laplace equation

% using threenode linear triangular element

% Synopsis:

% [k]=felpaxt3(rl,z1,r2,22,r3,z3)

% Variable Description:

% k - element stiffness matrix (size of 3x3)

% rl, z1- r and z coordinate values of the first node ofmelet

% r2, z2- r and z coordinate values of the second nodecofieht

% r3, z3- r and z coordinate values of the third node oheliet

A=0.5*(r2*z3+r1*z2+r3*z1-r2*z1-r1*z3-r3*z2); % area of the triangle
rc=(r1+r2+r3)/3; % r coordinate value of the ceittro
k(1,1)=((r3r2)*((r3-r2))+(z2z3)*((z2-23)))/(4*A);
k(1,2)=((r3r2)*(r1-r3)+(z2z3)*(z3-z1))/(4*A);
k(1,3)=((r3r2)*(r2-r1)+(z2z3)*(z1-z2))/(4*A);
k(2,1)=k(1,2);
k(2,2)=((r:r3)*(r1-r3)+(z3z1)*(z3-z1))/(4*A);
k(2,3)=((r:r3)*(r2-r1)+(z3z1)*(z1-z2))/(4*A);
k(3,1)=k(1,3);

k(3,2)=k(2,3);
k(3,3)=((r2r1)*(r2-r1)+(z1-z2)*(z1-z2))/(4*A);
k=rc*k;

99



Declaration
| hereby declare that the work which is being pné=# in this thesis entitled “Heat Transfer

Analysis During the Process of Injera Baking by Emate Element Method ” is original work of
my own, has not been presented for a degree ofo#tmgr university and all the resource of

materials used for this thesis have been duly agladged.

Gashaw Getenet Date

This is to certify that the above declaration mbagehe candidate is correct to the best of my
Knowledge.

Dr.-Ing. Demiss Alemu (Advisor) Date

100



