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Mathematical Modeling of Heat Distribution for the Pan in a Baking Oven
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Abstract: In this study, we give mathematical models to give the heat distribution around the pan’s exterior edges.
By applying Fourier's law, the mathematical models of heat distribution are designed. Models of instantaneous heat
flux density on the pans in the baking oven are then constructed for pans with different shapes from rectangular to
circular. Finally, simulation results are given to show the effectiveness of our methods.
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INTRODUCTION

As one kind of the most prevalent and conventional
food processing techniques, baking ovens have been
studied largely by a lot of researchers aim to enhance
the food product quality and energy use efficiency of
the process (Savoye et al., 1992; Sablani et al., 1998;
Mondal and Datta, 2008; Lostie et al., 2002; Sakin
et al., 2009; Khatir et al., 2013). The bread baking can
be seen as a process which transforms dough-basically
made of water, flour and leavening agents-into a food
which will be consumed by most of the population. The
research of the oven needs the following two analyses:
heat transfer and heat use. At the same time, precise
knowledge of heat transfer in the oven should be known
in advance. And many studies have been given on this
subject (Abraham and Sparrow, 2004; Sakin et al.,
2007a, b; Isleroglu et al., 2012).

During the baking process, the transfer of the inner
heat usually produced by conduction, radiation, as well
as convection. Radiation is the most dominant heat
transfer style in the oven. The air in the oven bring heat
to the product to be baked happens by convection style,
which in turn in transferred to the food through heat
conduction (Ploteau et al., 2012). These are heat and
moisture transfer mechanisms within a baking product
(Tong and Lund, 1990; Ozilgen and Heil, 1994) and
between the product and its environment (Broyart and
Trystram, 2002).

It is known that when baking in a rectangular pan
in the oven, heat is distributed mainly in the corners of
the pans and the product usually becomes overcooked
at the four corners (and to a lesser extent at the edges).
Yet in the pan with round shape, the heat is distributed
evenly over the entire outer edge and the product will
not be overcooked at the round edges. However, most

pans which we used in the oven are rectangular in shape
because the round pans are not efficient to use space in
the oven.

From above discussions, to the best of our
knowledge, there are very little literatures investigate
the heat transfer of the pans in a baking oven. In this
study, we will design a mathematical model to study the
distribution of heat of pans in some shapes.

METHODOLOGY

Mathematical modeling of heat distribution in the
baking pan: In this section, we will design a
mathematical model to discuss the heat distribution
across the exterior edges of the pan with different
shapes, i.e., rectangular and circle. Then, we will give
an explanation for why a rectangular pan tends to be
overcooked at the four corners while a round pan heat is
averagely distributed at the entire outer edge and the
product will not be overcooked at all edges. The shape
of the oven we considered in this study can be seen in
Fig. 1.

Let us give a reasonable assumption that the
problem is studied under an ideal condition (the oven is
homothermal). As a result the matter of heat transfer
between the pans and the oven can be simplified. It is
known that for baking the oven should be preheated to
some certain temperature. Then we can assume that the
boundary conditions for every surface except for the top
one (this is because the pans are filled with products
which are put on the top of the pans) of the pan are
exactly the same after some constant time. Then from
Fourier's Law (Broyart and Trystram, 2002), the
mathematical model for this problem can be designed
as:

Corresponding Author: Heng Liu, Department of Mathematics and Computational Science, Huainan Normal University,
Huainan 232038, China, Tel.: +86-0554-6862955; Fax: +86-0554-6862956

This work is licensed under a Creative Commons Attribution 4.0 International License (URL: http://creativecommons.org/licenses/by/4.0/).



Adv. J. Food Sci. Technol., 8(10): 747-750, 2015

» OVCIN

»rack

L

/

/

mctangle

circle

Fig. 1: The baking oven and pans in different shapes
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where,
o : The thermal diffusivity

p and C, : The density and the specific heat capacity
A : Heat transfer coefficient
t : The temperature

The above model (1) can be simplified as:
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As aresult (4) can be solved as:
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From above discussions, we can design the heat
transfer model as:
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In which fo(@) =t =t —t, » where t; is the boundary

temperature.

Mathematical model of heat distribution in a
rectangular pan: From above discussions, the equation
of heat diffusion in a rectangular baking pan can be
expressed as:

T(x,y,z,t)=a’AT(x,y,z,t) (6)
The boundary conditions can be defined as:
T(xy,»,2,0) =Ty, T(x,p,2,0) =T,
0 0 1 0 (7)

T(x,9,2,0) =T, T(x,y,,2,0) =T,
T(x,y,z0,0) =T,
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However, the boundary condition for the upper
surface of the baking pan is different. It can be defined
as:

or

2 ®)
on

With ¢ is a small enough constant. According to
our assumption, the surface of the pan does not change,
thus, the (8) can be rearranged as:

L(xy.z0)=¢ ©)

And its initial condition can be given as:

T(x,3,2,0) =T, (10)

Then we can design the final model of this case as:

T(x,y,2,t)=a’AT(x, y,z,t)
T(x),»,2,6)=T,,T(x, y,2,t)
T(x,y,,z,t)=1,,T(x, y,,2,t)
T(x,y,2,,1) =
T(x,y,2z,0)=

=T (11)
-1,

T.T,(y.2.0) =6
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Mathematical model of heat distribution in a circle
pan: As the same discussion in the rectangular case, the
heat distribution model for a baking pan can be
designed as:

T(r,z,t)= azAT(r, z,t)

T(r,20) =T, T 2,0) =T, (12)
I(r,z,t) =T, T(r,z2,1) =€
T(r,z,0)=0
SIMULATION RESULTS
To solve the mathematical models in above

Section, we will consider several plausible methods.
The commonly used methods are the Fourier transform
method and traveling-wave method.

Firstly we investigate the case that the pan has a
rectangular shape. As the statement in Savoye et al.
(1992), Sablani et al. (1998) and Sakin et al. (2009), in
this study, the parameters in above mathematical
models are chosen as Table 1 in the simulation.

The simulation results are depicted in Fig. 2 and 3.
It can be seen in Fig. 3 that the four corners is different
from the other parts of the pan. And there are convex
curves with a radiant at the four corners while the other
parts are round-like closed curves expanding from the
heart. This result is exactly in accordance with the real
heat distribution of a rectangular pan has been verified
by this model.
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Table 1: Parameter values in the computation of the model

Variable Value Unit

A 0.02 m’

a 0.10 m

€ 1.47x10° m?/sec

A 54 w/ (m C°)

™
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Fig. 2: Instantaneous heat flux density of rectangular pan at
different time
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Fig. 3: Heat distribution at the outer edge of a rectangular
baking pan
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Fig. 4: Instantaneous heat flux density of circular pan at
different time
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Fig. 5: Heat distribution at the outer edge of a circle baking

pan

Ten, consider the circular brownie pans, the
simulation results are given in Fig. 4 and 5. From the
figures we can also conclude that when the products are
baked on the circular pan, the heat is distributed evenly
over the entire outer edge.

CONCLUSION

In this study we have designed two mathematical
models to show the heat distribution across the outer
edge of a pan for pans with different shapes-
rectangular to circular. To show how heat distributes in
a specific pan, the law of heat conduction for a three-
dimensional product is given to design our models for
heat distribution. Then, finite difference methods are
given to solve the proposed model. Finally simulation
results are presented to show the effectiveness of our
methods.
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