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Abstract

The aim of this study is to investigate a conduction heat transfer phenomenon in
Aluminum metal rod. Finite volume method has been used as a numerical technique to
simulate the study in addition to finite difference method for more details. Both methods
were compared to the exact solution which has been performed and utilized as a base line for
the physical case in current study. Due to its widespread applications, Aluminum material has
been used as a viable metal for the solid rod in this study. The Aluminum rod length and
diameter were (10 cm) and (1 cm) respectively. The Aluminum rod has been set into a
computational domain of air for the convection case to be taken into account. The
computational domain of the air length and diameter were (12 cm) and (2 cm) respectively.
The left side of the Aluminum rod has been set at temperature of (700 K) and the right side at
(300 K). The surrounding computational domain of the air has been set at (300 K). Energy
equation has been solved numerically to visualize and calculate the temperature distribution
along the Aluminum rod. The results showed that there was good approach between finite
volume and finite difference methods in one-dimensional temperature distribution. Hence, in
addition to the fact that finite volume is crucial technique in all directions and used in more
complicated applications, finite difference is still important method in one dimensional case
as well. Moreover the results showed that volumetric heat source raises the temperature of the
material during heat transfer operation. Also, the three methods, finite volume, finite
difference and exact solution have showed good approach.
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Introduction

When a temperature gradient exists in a
body, experience has shown that there is an
energy transfer from the high-temperature
region to the low-temperature region. We say
that the energy is transferred by conduction
and that the heat-transfer rate per unit area is
proportional to the normal temperature
gradient. Thus the temperature difference is
the driving force for heat transfer. Furthermore
heat transfer plays a major role in the design
of many other devices, such as car radiators,
solar collectors, various components of power
plants, and even spacecraft...ctc. Recently
most of the researches emphasis on the
numerical methods to treat the heat transfer
problems. Numerical analysis by finite volume
is the analysis of systems involving fluid flow,
heat transfer and associated phenomena by
means of computer-based simulation. The
technique is very powerful and spans a wide
range of industrial application areas [1-5].
However other numerical techniques like
finite difference is still applicable in some
cases.

V. Anjo [6] numerically simulated heat
transfer  conduction study during the
solidification of Aluminum in green sand
mould. Two dimensional finite difference
analysis had been used. The method includes;
the finite difference analysis of the heat
conduction equation in steady (Laplace) and
transient states. The numerical technique had
been used for the thermal flow and cooling
curve. The results obtained were considered
relevant in the control of the grain size and
mechanical properties of the casting.

H. K. Jagdeesh et al. [7] studied the three
main concepts of heat transfer, i.e. conduction,
convection and radiation to find the heat
transfer happening in the exhaust heat shield.
The project mainly focused on thermal
behavior of the exhaust heat shield. Thermal
analysis was carried out with the boundary
condition for a realistic working condition.
Experimental test was carried out by using the
prototype for a prescribed condition (more

than room temperature) and the same thing
was simulated. The temperature distribution
was also shown through the real time
prototype demo. The finite element results
exhibited the temperature  distribution
happening in the heat shield. The results were
validated through some real time instruments
which in turn build the prototype. The
dynamic behavior of the component was
found by doing modal analysis.

The natural frequency was safe enough to
fit in with automobile assembly. H.C. Sun and
L.S. Chao [8] performed an experimental
investigation to measure the temperature
distribution  within a casting system
comprising a cylindrical aluminum casting and
a green-sand mold. The numerical results
obtained for the temperature curves in the
green-sand mold were found to agree well
with the experimental profiles. Finite element
simulation was performed to model the
evolution of the temperature distribution
within the casting during the solidification
process. The predicted solidification time is
found to be in reasonable agreement with that
observed in the experimental casting process.

A. Polozine and L. Schaeffer [9] presented
methods for determining the thermal
parameters of metals. The study testing was in
the range of moderate temperatures (300-500
°C), and high temperatures (700-950 °C). The
obtained results showed that the accuracy of
the approximate method was low in the range
of moderate temperatures, because the thermal
losses by convection were comparable with
the simultaneous thermal losses by radiation in
this range. Therefore, any error in determining
the convection causes the considerable error
for the respective calculated emissivity.
Accuracy of the approximate method is
satisfactory in the range of high temperatures,
because the thermal losses by convection are
considerably less than the simultaneous
thermal losses by radiation. Therefore, the
influence of an uncertain convection value on
the calculated emissivity is insignificant.
However, the method is too laborious. In view
of this fact, the possibility of applying the
exact method in the industry depends on the
development of relevant software. Both
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methods can be used to calculate of average
values of the mentioned thermal parameters of
metals.

Heat transfer is commonly encountered in
engineering systems and other aspects of life,
and one does not need to go very far to see
some application areas of heat transfer.

B. Mezrag et al. [10] performed an
investigation for the cold metal transfer
process to join Zinc coated Steel with
Aluminum alloy by braze-welding. A 4043
filler metal is deposited on the surface of the
coated Steel, and the effect of the current
waveform on the metal transfer and the heat
transferred to the base metal was investigated.
They concluded that heat transferred to the
base metal, and thus the thickness of inter
metallic layer formed at the Al/steel interface,
was lower for an equivalent deposit rate when
the short-circuit frequency was high.

For heat transfer situation, the general
energy equation could be solved using finite
volume method. Equation (1) represents the
three-dimensional  unsteady state  (time
dependent) energy equation.

It could be noted that in many applications,
equation (1) solved for steady state.

T oM+ @ph) = V- (V) 45, (1)

Wherep, h, Sy, v’and k are density, enthalpy,
volumetric heat source, velocity and thermal
conductivity respectively.

Heat transfer field is still wide and vital for
different applications and investigations. For
the case of a rod positioned between two
constant temperatures, the steady state
differential  equation based on heat
conservation [11], can be given as:

d*T .
W-I_h(Ta_T):O (2)

Where (T) is the temperature of the
Aluminum, (T ) is the temperature of the air
and h’is the heat transfer coefficient.

Equation (2) includes the heat flow through
the rod as well as between the rod and the
surrounding air. The second part of equation
(2) is the steady state form of Newton's law of
cooling as it is usually quoted. The bar over h'
indicated that it is an average over the surface
of the body [12].

An alternative discretization method is
based on the idea of regarding the computation
domain as subdivided into a collection of
finite volumes. In this view, each finite
volume is represented by a line in one-
dimension, an area in two-dimensions and a
volume in three-dimensions. Nodes located
inside each finite volume become the locus of
computational values. Discretization equations
are obtained by integrating the original partial
differential equation over the span of each
finite volume. The method is easily extended
to nonlinear problems [1-3].

Computational Details

In the present study the heat transfer and
temperature distribution investigations onto an
Aluminum rod have been performed. Finite
volume and finite difference have been used
and compared with the exact solution. The
Aluminum rod length and diameter were (10
cm) and (1 cm) respectively. The Aluminum
rod has been set into a computational domain
of air for the convection case to be taken into
account. The computational domain of the air
length and diameter were (12 cm) and (2 cm)
respectively. The left side of the Aluminum
rod has been set at temperature of (700 K) and
the right side at (300 K). The surrounding
computational domain of the air has been set
at (300 K) as illustrated in Figure 1.
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Airat 300 K

Aluminum solid rod

Fig.1. Sketch of the Aluminum rod and the air
computational domain.

The computational domain and Aluminum rod
undergo meshing process in three dimensions
to calculate the temperature distribution at any
point on the Aluminum rod using finite
volume method. In addition, Aluminum rod of
(10 cm) in length has been divided into ten
sections of (Ax=1) as illustrated in figure 2 to
calculate the temperature distribution at
different positions (T, T»....Tg) using finite
difference method.

<+—>
AX

Te=700K T; T, T3 Ts Ts Ts Ty Tg To Ti=300

Aluminum solid rod

Fig.2. Meshing of the three-dimensional
Aluminum rod and the air computational domain.

Results and Discussion

1. Finite Difference Method

The Aluminum rod has been divided into
ten sections to calculate the temperature
distribution at different positions on the rod
assigned as (Ty, T»....Ty) as mentioned before.
The basic idea behind the finite difference
method is to replace the various derivatives
appearing in the mathematical formulation of

the problem by suitable approximations on a
finite difference mesh of nodes. Thus
rewriting equation (2) numerically gets:

Tivs — 2T+ T4

kT, - T) =0 (3

After substitution for the boundary conditions
of (To=700 K), (T10=300 K), (Ax=1) and the
typical value of (h'=0.01) in equation (3), all
the discretization schemes lead to the
following equation:

AT =B (4)

In matrix notation, equation (4) could be
written as follow:

r 2.01,—1,0,0,0,0,0,0,0 711717 7037
-1,2.01,-1,0,0,0,0,0,0 | |T> 3
0,—1,2.01,-1,0,0,0,0,0| | T3 3
0,0,—1,2.01,-1,0,0,0,0]| | T, 3
0,0,0,—1,2.01,-1,0,0,0| |Ts|=| 3 (5)
0,0,0,0,—1,2.01,—1,0,0| | T 3
0,0,0,0,0,—-1,2.01,-1,0{ | T, 3
0,0,0,0,0,0,—1,2.01,-1| |Tg 3

L 0,0,0,0,0,0,0,—1,2.01 I 1Ty1 1303

Where the matrix A, represents the numbers
multiplied by the values of T in the system of
linear equations.

Matrix inversion gives the solution:

T=A"'B (6)

The values of the calculated temperatures by
finite difference method along the Aluminum
rod resulting from equation (6) have been
depicted in table 1.

The temperature values versus the positions
along the Aluminum rod in one dimension
have been illustrated in Figure 3.

2. Exact Solution

For comparison purpose, it is more
convenient to calculate equation (2) by use of
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exact method. Fundamentals of differential
equations have been utilized in current study
to obtain the following solution:

T = —62.607e%1* + 462.607e~%1* + 300

The exact solution of the above equation has
been shown in Figure (4).

From the first glance, it could be noted that
there is good approach between the exact and
finite difference solutions.

Table 1. The calculated temperature values by finite difference method along the Aluminum rod.

TO Tl T2 T3 T4 T5 T6 T7 T8 T9 TlO
700.00 | 649.40 | 602.29 |558.21 |516.71 | 477.38 | 439.82 | 403.66 | 368.53 | 334.09 | 300.00
7001 —~ T T T T . N 1 70%}\~\\ t _A_ E
650 A -4- Finite Difference 650 A xact
saol AL L P08 600f A 1
550+ A 11 log 550 A
2 A T X500 A
< 500} ~a 1 = A
 450f AL ] 0.4 4501 \A\
4001 A ] 400 A
“a 0.2 A
350+ Al ] 350 “AL
051 2 3 4 5 6 7 8 o 10 O W1 2 3 4 5 6 7 8 9
x(cm) x(cm)

Fig.3. Temperature distribution onto the
Aluminum rod by finite difference.

3. Finite Volume

The first step of the finite volume
discretization process, the governing equations
are integrated over the finite volumes into
which the domain has been subdivided, then
the Gauss theorem is applied to transform the
volume integrals of the convection and
diffusion terms into surface integrals. Surface
and volume integrals are transformed into
discrete ones and integrated numerically
through the use of integration points. Equation
(1) has been solved for steady state case

Fig.4. Temperature distribution onto the
Aluminum rod by exact solution.

numerically by means of computer-based
simulation. The contour of the three-
dimensional temperature distribution of the
Aluminum rod has been illustrated in Figure
(5). The result shows temperature gradient
along the Aluminum rod because of the heat
transfer from the high to low temperature
regions. The values of the calculated
temperatures have been shown in the color
map of Figure (5).

0.8

0.6

0.4

0.2



Journal of Basrah Researches ((Sciences)) Vol. (44). No. 1 (2018)

7.00e+02
6.84e+02
6.72e+02
6.60e+02
6.48e+02
6.36e+02
6.24e+02

L

= Contours of Total Temperature (k)

3.00e+02

Fig.5. Contour of the three-dimensional temperature distribution of the Aluminum rod.

It is well known that finite volume method
is more powerful than any other method.
Similar to other numerical methods developed
for the simulation, the finite volume method
transforms the set of partial differential
equations into a system of linear algebraic
equations. Thus, the discretization procedure
used in the finite volume method is distinctive
and involves two basic steps. In the first step,
the partial differential equations are integrated
and transformed into balance equations over
an element. This involves changing the surface
and volume integrals into discrete algebraic
relations over elements and their surfaces
using an integration quadrature of a specified
order of accuracy. The result is a set of semi-
discretized equations. In the second step,
interpolation  profiles are chosen to
approximate the variation of the variables
within the element and relate the surface
values of the variables to their cell values and
thus transform the algebraic relations into
algebraic equations. For comparison with the
results obtained by finite difference and exact

solution, a plot of the total temperature versus
the position along the Aluminum rod in one
dimension  has been performed by finite
volume method and illustrated in Figure (6).
Furthermore the visualization of heat transfer
and temperature distribution along the
Aluminum rod has been illustrated in Figure
(7). For more details, the three different
methods, finite difference, finite volume and
the exact solution have been illustrated in
Figure (8). It could be emphasize that there is
good approach between finite volume and
finite difference especially in the regions near
the boundaries of the Aluminum rod. At the
midpoints, the finite volume curve is slightly
higher than finite difference because of the
effect of the volumetric heat source (Sy) in
equation (1) which is taken into account in
case of finite volume method. Thus it is
distinguishable that the volumetric heat source
which is responsible for the heat generated
inside the material during heat transfer
operation can raise the temperature of the
material. Also, it should be noted that the
thermal conductivity of the Aluminum is
highly effective in thermal conductivity
situation.
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Fig.7. Visualization of heat transfer and temperature
distribution along the Aluminum rod obtained by finite

Fig.6. Plot of total temperature versus the position along volume method

Aluminum rod obtained by finite volume method.
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Fig.8. Comparison of temperature distribution along the Aluminum rod for three kinds of solution, finite
difference, exact and finite volume.
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Conclusion

In the present study, investigations for heat
transfer phenomena in a solid Aluminum
metal rod have been performed numerically.
, both methods have been compared with the
exact solution which has been performed in
this study. Energy equation has been solved
numerically to visualize and calculate the
temperature distribution along the Aluminum
rod. It is well known that finite volume
provides highly sophisticated technique to
solve wide variety of applications by means of
computer-based simulation. Furthermore in
the finite volume methods it is quite easy to
implement a variety of boundary conditions,
since the unknown variables are evaluated at
the centre of the volume elements, not at their
boundary faces. These characteristics have
made the finite volume method quite suitable
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Finite volume and finite difference methods
have been used as numerical techniques. For
more details

for the numerical simulation of a variety of
applications involving fluid flow, heat and
mass transfer. The results showed that there
was good approach between finite volume and
finite difference methods in one-dimensional
case. Hence, it could be said in addition to the
fact that finite volume is crucial technique in
all directions of the case under the study, finite
difference is still active method in one-
dimensional case. Also, it could be concluded
that the volumetric heat source, which is
responsible for the heat generation inside the
material during heat transfer operation can
raise the temperature of the material.
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