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Numerical study on a heat transfer model in the solid-carbon/liquid-copper system
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The thermal conductivity of solid carbon and liquid copper-silicon by
using Fourier law, can be utilized as a viable technique to grow superior
warm administration materials. The investigation reveals that the thermal
conductivity of carbon/copper (C/Cu) composites changes because of the
silicon carbide (SiC) relocation from the matrix to the interface. C/Cu
composites were used to predict the value of heat flux at different
thicknesses of SiC materials. Several studies on heat transfer coefficients
in the literature have been reported. However, most of them are
experimental reports and only a little fundamental theoretical work have
been reported. The possible reasons for this gap might arise from the
difficulties of studying the high-temperature and vacuum conditions. A
model for the numerical simulation of heat transfer in the solid-carbon/
liquid copper-silicon system is presented.

1. Introduction

Effective thermal management is a basic and essential
factor considered for designing high efficiency intensive
microelectronic chips that empower a wide range
devices such as radar, satellites, batteries and other
electronics [1]. Rapid technological advancements in
recent years have resulted in development of high power
devices with reduced dimensional size [2]. Additionally,
many electronic devices generate relatively more heat
energy when they are in active use compared to their
standby condition. Thus, the conventional positive air-
cooling technique has become relatively inefficient, and
demand for designing novel thermal management
techniques is on rise to improve the life and performance
of these electronic devices [2, 3]. Moreover, in electronic
devices, the heat is generally transferred by conduction
mode of heat transfer. High thermal conductivity, low

© Mehran University of Engineering and Technology 2022

coefficient of thermal (CTE), and decent machinability
are the key parameters to be considered for designing an
efficient heat sink [2, 4-6]. Thus, materials offering these
features are of great significance for designing efficient
thermal management devices for a range of applications
[4-8].

Copper (Cu), best known for its excellent
conductivity, is a considerably low cost material with
good machinability [9]. For that reason, it is believed to
be an ideal material for designing the thermal
management devices. However, its relatively lower
mechanical strength hinders its wider acceptability.
Therefore, researchers have been trying to design
composites materials, i.e. a group of different materials
bonded together by either physical or chemical means,
to develop high strength and efficient thermal
management devices [10-12]. For instance, various
thermal conductive fillers, such as Aluminium (Al),
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silver (Ag), etc. has been used as fillers in the polymer
matrix to fabricate different composite materials for
enhanced thermal management [13].

Moreover, it has been reported that composites
materials containing Cu tend to offer relatively better
thermal management performance. Furthermore,
researchers have been particularly more interested and
focused on copper/silicon carbides (Cu/SiC) and
copper/diamond composites owing to their high strength
and reasonable conductivity [14-15]. Nevertheless, poor
machinability of Cu/diamond and relatively low thermal
conductivity of Cu/SiC limit their acceptability on mega
scale applications in the field thermal management.
Therefore, material scientists are pressed on designing
and developing new materials that offer both high
conductivity, better machinability, superior mechanical
characteristics and longer durability [2, 3, 16-18].

Carbonaceous materials are gaining high attention
these days owing to their small diameter, high surface
area, high mechanical strength, decent electrical
conductivity, thermal stability and light weight [19-21].
They have been widely used in composites materials to
gain desired dimensional stability and firm thermal
properties. Thus, designing composite material that
combines carbon and Cu characteristics can potentially
be an ideal material with enhanced conductivity and
better machinability [22-23].

Herein, numerical study on a heat transfer model in
the solid-carbon/liquid-copper system is presented.
These types of composite materials are usually
fabricated by using liquid melt infiltration (LMI)
technique [14]. Factors affecting the thermal
management performance of the fabricated composite
materials were evaluated through mathematical
modelling. Fourier law was used to analyse the heat
transfer through the fabricated composite materials.

2. Mathematical Modelling

The measurement of thermal movement at a favourable
rate condition can be made to generate heat transfer.
Fourier law expresses that the time pace of thermal
move through a material is relative to the negative slope
in the temperature and the zone, at right points to that
inclination, through which the heat streams. Heat
opposition is proportional to heat conductance.
Similarly, as an electrical opposition is related to the
conduction of power, a heat obstruction may be related
to the conduction of heat [24, 25]. Heat conduction can
be expressed by Eq. 1.

Thermal potential difference

Heat flow = (D)

Thermal Resistance
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Where, the thermal potential difference expressed as
temperature change (AT), i.e, the difference among in
and out temperature of the system, where thermal
resistance is heating characteristic. Thermal resistance
can further be calculated by using Eq. 2.

Thermal resistance = kL—A (2

Where, L, k and A are thicknesses, thermal
conductivities and area of plates, respectively.

Fourier Law state that ‘The time rate of heat
transfer through a material is proportional to the
negative gradient in the temperature and to the area’.

The Fourier law can be mathematically represented
by Eq. 3.

q = —kAT 3)

Where, AT, k and g are temperature gradient material
conductivity and density of heat flux, respectively.
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Fig. 1. (a) Schematic diagrams of heat transfer in the solid-
carbon/ liquid copper-silicon systems and (b) thermal
resistance of all three materials

Fig. 1(a) explains the overview of the calculation in
which three layers are joined, SiC is used as epoxy to
join carbon fibre with copper composite. Fig. 1(b) shows
the thermal resistance of the material during heat
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transfer. In this research work, we focused to use Fourier
law to calculate heat transfer in solid carbon/liquid-
copper system, in this manner, consider a system in
which heat passes through three plates, having solid
carbon and liquid copper. Small quantity of silicon alloy
(SiC) is used to join carbon and copper. For this purpose,
initially expanded Fourier law into three basic parts is
defined as Eqs. 4-6.

T2-Ty

Qeu = —Kka A% 4)
Ty=T

qc = —kBA—ZXBZ ®)
To=T

Asic = —KeA— = (6)

Eqg. 4 represent heat flux passes through copper
material, the difference of temperature representing the
thermal potential of the material and Ax, show the
thickness of the material. Eq. 5 representing the heat flux
that passes through carbon fibre, the thermal potential of
carbon fibre is the change in temperature and Axg is the
thickness of the carbon fibre. Eqg. 7 expresses heat flux
quantities for silicon carbide with Ax. thickness. Thus,
adding all three equations. Egs. 4-6 get a combined
equation as Eq. 7. Whereas, the Eq. 8 is the final
equation for calculating heat flux for overall system.

_ T, T14T3 T 4Ty T3
q= _AxA/ _AxB/ _Ax
kaA kgA

(")

“/kca
Ty _Ty

qa=x A A
xA/kAA + XB/kBA + xc/kCA

3. Results and discussion

(8)

In this research work, the numerical study of heat
transfer was calculated by using Fourier law. There are
several materials that have been discovered to get high
thermal conductivity because as time passed copper
material is no longer durable and having low mechanical
strength. Our first approach was to select the
combination of that material which fulfil both require
high thermal conductivity and high mechanical strength.

Now the value for heat flux in equation (8) which
represents the heat flux of the material, these values are
helpful to generate a table for individual values of heat
flux for thickness of copper and silicon carbide
composite. Now our focused is to identify the best
values for heat flux and at which consideration of
thickness is matter.

In Table 1, Area of solid carbon, liquid copper and
silicon carbide was fixed which is one meter square. And
heat conductivity of copper was 401 watt per meter-
kelvin, heat conductivity of carbon is 1000 watt per
meter-kelvin and heat conductivity of silicon is 950 watt
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per meter-kelvin. Fixed thickness of copper composite
to 5 microns, fixed thickness of carbon is 10 micron,
whereas the thickness of silicon carbide thickness was
varied from 0.25 micron to 1 micron. Later, the heat flux
at thermal difference from 10 to 40°C [26]. Thickness of
copper composite will identify the best result for heat
flux, which means started from 5 um thickness of
copper, gradually decrease the thickness and at each
micron thickness all four values of silicon carbide would
use to identify heat flux greatest value.

Table 1

Changes of heat flux at different thicknesses of Silicon
Carbide Ax, with fix thickness of solid carbon (Ax, =
10(um)) and liquid copper (Ax;, = 5(um))

AT (K)
10 20 30 40

0.25 439.909 879.818 1319.73 1759.64
Ax, 0.5 434874 869.749 1304.62 1739.5
(um) 0.75 429.954 859.908 1289.89 1719.82

1 425.144 850.287 1275.43 1700.57

Table 2 defines the numerical values for heat flux.
Area of solid carbon, liquid copper and silicon carbide
is fixed which is one meter square. And heat
conductivity of copper is 401 watt per meter-kelvin, heat
conductivity of carbon is 1000 watt per meter-kelvin and
heat conductivity of silicon is 950 watt per meter-kelvin.
fixed thickness of copper composite to 4 microns, fixed
thickness of carbon is 10 microns [26]. It has been
noticed that thickness of silicon carbide as increased
which result to decreases the heat flux, that means
increases in temperature would increase heat flux, but
the thickness of the silicon carbide opposed this relation.

Table 2

Changes of heat flux at different thicknesses of Silicon
Carbide Ax, with fix thickness of solid carbon (Ax, =
10(um) ) and liquid copper (Ax, = 4(um))

AT (K)
10 20 30 40

0.25 494115 988.229  1482.34 1976.46
Ax, 05 48159  963.181 144477 1926.36
(um) 075 487.772 975544 1463.32 1951.09
1 475563 951127 1426.69 1902.25

Table 3 is the mathematical iteration for heat flux by
using Eq. 8. Table 3 defines the numerical values for
heat flux. Area of solid carbon, liquid copper and silicon
carbide is fixed which is one meter square. And heat
conductivity of copper is 401 watt per meter-kelvin, heat
conductivity of carbon is 1000 watt per meter-kelvin and

187



heat conductivity of silicon is 950 watt per meter-kelvin.
fixed thickness of copper composite to 3 microns, fixed
thickness of carbon is 10 microns [26]. In table 3 our
consideration is the same as used in previous table.

Table 3

Changes of heat flux at different thicknesses of Silicon
Carbide Ax, with fix thickness of solid carbon (Ax, =
10(um) ) and liquid copper (Ax;, = 3(um))

AT (K)
10 20 30 40

025 563556 1127.11 1690.67 2254.23

Ax, 05 547.322 1094.64 1641.97 2189.29

(um) 075 55532 111064 166596 2221.28
1 539551 1079.1  1618.65 2158.2

Table 4 is the last iteration for thickness value of the
copper composite, i.e., 2 microns. Table 4 defines the
numerical values for heat flux. Area of solid carbon,
liquid copper and silicon carbide is fixed which is one
meter square [26]. And heat conductivity of copper is
401 watt per meter-kelvin, heat conductivity of carbon
is 1000 watt per meter-kelvin and heat conductivity of
silicon is 950 watt per meter-kelvin. Tables 1, 2, 3and 4
provides the different values of heat flux to optimize the
thickness of copper composite with respect to change in
thickness of silicon carbide.

Table 4

Changes of heat flux at different thicknesses of Silicon
Carbide Ax, with fix thickness of solid carbon (Ax, =
10(um) ) and liquid copper (Ax, = 2(um))

AT (K)
10 20 30 40

0.25 655.708 1311.42 1967.12 2622.83
Ax, 0.5 633.834 1267.67 19015 2535.34
(um) 0.75 633.834 1267.67 19015 2535.34
1 623.435 1246.87 1870.31 2493.74

Fig. 2 represents the graphical interpretation of heat
flux, graph is plotted between heat flux and temperature,
heat flux is drawn vertically and temperature is drawn
horizontally, as this was the combine result of all three
materials in which copper and carbon thickness is fixed
and the thickness of silicon carbide varied. Results
clearly show that with increments in temperature,
thermal conductivity also increased.

In Fig. 3, the straight line represents the relationship
between temperature and heat flux which is showing that
the heat flux is increasing as the thickness of copper
composite decreased. Blue line is the value of heat flux
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at 0.25 micron thickness of silicon carbide, where
thickness of carbon fixed at 10 micron and thickness of
copper is fixed at 4 microns. The comparison between
Fig. 3 and Fig. 4 is indicating the heat flux value
increased.
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Fig. 2. Graphical presentation between heat flux and
temperature at Ax, = 5 um, thickness of copper composite.
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Fig. 3. Graphical presentation between heat flux and
temperature at Ax, = 4 um, thickness of copper composite.
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Fig. 4 Graphical presentation between heat flux and
temperature at Ax, = 3 um, thickness of copper composite.

Fig. 4 is the result of Table 3, in this figure it has been
noticed that the value of the heat flux increased with
time. Moreover, when compared the result of Fig. 5 with
previous Fig. 4, it is clearly observed that the heat flux
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in increasing as decreased the thickness of copper
composite.

In Fig. 5, temperature and heat flux showing stream
line though the two-dimensional axis, it is noticeable
that heat flux is giving a maximum value at temperature
difference 40°C, with increasing the thickness of silicon
carbide it has been noticeable that heat flux decreased.
Figs. 2, 3, 4 and 5 are respectively the graphical
representation of heat flux g and thermal difference AT

2500
-

2000 /

1500
o
1000 / Axc=0.5
- Axc =0.75

500

=@ Axc =0.25

Axc=1

0
10 20 30 40

T=°C+273

Fig. 5 Graphical presentation between heat flux and
temperature at Ax, = 2 um, thickness of copper composite.

4. Conclusion

In this research work the effective numerical study about
thermal conductivity of solid carbon/liquid copper was
carried out using silicon carbide as thermal interface
between carbon and copper. The objective of this
research was to use the positive results from the
previously reported works and apply them to a different
material system to develop a composite system with
superior thermal properties. It is observed that increase
in thickness of silicon carbide was the reason to increase
the thermal conductivity of the system, whereas the
increment in the carbon content decreased the thermal
conductivity. Thus, it was concluded that the critical
factor for enhanced thermal conductivity was the
thickness of the material.
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