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Abstract Pin-fin heat sinks are now considered one of the possible solutions for the thermal management of small-scale devices
requiring high heat dissipation rates. Pin-fins with fixed diameters, different heights and spacing were numerically investigated in the
current study for a range of Re=200-1000. The micro-channel cross-section with pins at the bottom surface measures 55 mm in length
and has a cross-sectional area of 1 mm x 1 mm. The fin height ranges from 0.2 to 0.8 mm and the distance between pin-fins ranges
from 3-6 mm. The Box-Behknen method was used to determine the number of numerical runs based on the parametric range of pin
height and spacing and the Re number. Input data and corresponding outputs were presented using the Genetic Aggregation Response
Surface Methodology. An optimum pin height and spacing in terms of heat transfer rates was obtained. It has been observed that at the
optimum desing considering the highest Performance Evlauation Criteria(PEC) value the microchannel with pin-fins can provide an
enhancement of 364% in heat transfer rates compared to the microchannel without pins, while the corresponding increase in pressure
drop reaches up to 162%.
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Nomenclature
area [m?]
diameter of the channel [mm]
friction factor, =2 AP L d? p1 V2
average convective heat transfer coefficient [W m2K]
height of channel and fin [m]
length of the channel [m]
Nusselt number, = h Dy, k!
pitch [mm]
pressure [Pa]
heat transfer rate [W]
Reynolds number, = p Vs Dy ut
average velocity of the fluid [m s]
width of channel [m]
reek letters

difference

dynamic viscosity [Pa s]

density of the fluid [kg m™]
ubscripts
fluid
hydraulic
perimeter
inlet
outlet
pin
empty channel
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1. Introduction

Recent developments in manufacturing technology in electronic components have led to a dramatic increase in power
requirements and as a consequence, in required heat flux dissipation rates. This heat transfer bottle-neck could be the
leading cause of diminished performance, permanent failure and a hindrance to further developments. It stimulated
research in cooling methods to meet this increasing thermal management demand [1]. Micro-channel heat sinks have
received a great deal of attention from researchers due to their extremely high surface area/volume ratio, low thermal
resistance between the fluid and the substrate to be cooled, and the possibility of a uniform substrate temperature [2]. The
resulting high heat transfer rates possible with micro-channel heat exchanges from small surface areas available means that
they can be used in a range of applications such as cooling of electronic components, automotive air conditioning,
chemical, and biological reactors and fuel-cells, [3]. Therefore, it is now necessary to encourage industrial use of these
small to micro-scale heat exchangers by analysing, optimizing and reporting their hydraulic and thermal performance,
including possible designs for enhancing heat transfer rates. The use of pin-fins is viewed as one of the most advantageous
methods for enhancing the thermal behaviour of these systems. These structures are characterised by a micro-pin-fins
located at the surface of the microchannel in contact with the substrate to be cooled. Larger convective heat transfer area,
secondary fluid flow, eddy generation, and thinner boundary layers result in these geometries outperforming conventional
microchannels [1]. A number of studies have been performed to document the effect of different pin fin shapes on heat
transfer enhancement.

Yang et al. [4] investigated the heat transfer performance of microchannel heat sinks with circular, square, pentagonal,
hexagonal, and triangular pin-fin configurations using deionized water as a coolant. The circular type of pin-fin offered the
lowest pressure drop. However, the researchers concluded that the hexagonal section pin fins offered the lowest thermal
resistance and were the most suitable of all evaluated designs. lIzci et al. [5] investigated numerically single micro pin-fin
geometries with the same chord thickness/diameter and reported on their heat transfer and hydraulic performance for a Re
number ranging between 20 to 120. The working fluid was water. The researchers concluded that the heat transfer rates of
fins with sharply pointed regions were superior, i.e. the thermal performances increased by 80% compared to empty
channels. Kosar and Peles [8] performed a parametric experimental study on circular, hydrofoil, rectangular and cone pin-
fins for a Re number rage of 14-170 for deionized water. The authors noted that cone-type pin-fins outperformed other
designs but only at moderate Re numbers.

The Response Surface Methodology (RSM) is a statistical approach that allows the assessment of a number of input
parameters and one or more response variables. RSM offers ease of estimation and application, particularly in situations
when limited knowledge is available about the underlying processes. Therefore, this approach is a useful method to assess
available data and to find optimum conditions in several thermal engineering areas. In recent years, RSM methods have
been performed to determine and optimize performance in thermal energy storage [6], heat sinks [7], heat exchangers [8]—
[10], and micro-channel [3] applications.

In the current research, the effect of varying height and distance of pin-fins placed in a microchannel on the flow and
heat transfer rates was studied numerically for different Re numbers. The Box-Behknen design of experiment methods was
used to determine the number of numerical runs and study the effect of pin-fin height and longitudinal distance. The data
were analysed using the Genetic Aggregation Response Surface Methodology (GARS) to determine the effect of pin-fin
height and spacing.

2. Numerical runs
2.1 Test Section and Boundary Conditions

The geometry considered is presented in Figure 1. The microchannel with pin-fins has a cross-section measuring 1
mm x 1 mm and a length of 55 mm. The diameter of the pin fins is fixed at 0.25 millimetres, while the pin height and
distance between pins were used as independent variables.
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Figure 1: Schematic view of pin-fin microchannels

Fluid Domaimn

The microchannel and the pin-fins are made of copper and water was chosen as the working fluid. Table 1 provides a
summary of the thermophysical properties, which were assumed constant for the range of this study.

Table 1: Thermophysical properties of Fluid and Solid Materials

Water Copp
er
k (W.mtK?) 0.6 401
p (kg.m?®) 1000 8978
cp (J.kgK?) 4182 381
u (kg.mls?) 0.001003 -

Fluid flow and energy equations were used to calculate flow parameters, pressure drop and single-phase convective
heat transfer using the Laminar model in the ANSYS-Fluent software. The flow domain of the considered geometry is
illustrated in Figure 2. Two sections were added before and after the flow domain to help provide appropriate boundary
conditions and generate realistic and easily reproducible results for the inlet and outlet effects. The inlet region length was
5Dy, i.e. 5 mm, while the outlet region had a length of 20Dy, i.e, 20 mm. These sections were assumed to be adiabatic.

The input velocity ranged from 0.2 to 1 m/s. At the section outlet, i.e. at the end of the 20 mm adiabatic section, the
pressure was set at 0.0 Pa. The no-slip velocity boundary condition was applied to all test section walls. A constant heat
flux of 100 kW/m? was applied from the bottom wall of the heated test section. The heat flux distribution at the 0.25 mm
heated plate was then assumed to be uniform, see Figure 2. The temperature inlet was 27 °C. The side walls and the top of
the channel wall were assumed to be adiabatic. Studies have been carried out for the ranges Re=200-1000, H,=0.2-0.8, and

$,=3.0-6.0.
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Figure 2: Boundary conditions and mesh distribution applied for microchannels with pin-fins.

Figure 2 demonstrates the mesh density used for the solution. The optimal mesh structure was reached by applying
hexagon and prism mesh types in the entrance and exit domains. Tetrahedron, pyramid, and prism meshes were also
applied in the test region. The results of an analysis of mesh independence are shown in Table 2. The table shows values of
Nu number and friction factor obtained at H, = 0.5 mm, S, = 3mm, and V =1 m/s. As seen in Table 2, the variation of Nu
and f results is quite small after the 3 million mesh size and hence this size was selected for this study.
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Table 2: Mesh Independency Results

Mesh Number Nu f
496512 26.35 0.0512
1362728 31.66 0.0462
3379626 31.42 0.0453
10123452 31.40 0.0451

2.2 Data Reduction

The parameters that were used to evaluate the results are presented below. The Reynolds number is determined as:

VD
Re — PV LU (1)
H
where Dy is the hydraulic diameter and is calculated as follows:
14, 2WH )
Dh = =
B,  W+H
An essential measure of heat transfer performance is the dimensionless mean Nu number, which is defined as follows:
hDy, 3
Nu=——
kg
h is the average heat transfer coefficient, which is calculated as follows:
=2 (4)
A AT

where Q, An, and AT indicate the applied heat transfer rate at the bottom surface of the heated wall of the test section, the
heat transfer surface area A, = 1x55 mm? and the average temperature difference, respectively. The average temperature
difference is given by eq. 5 below.
T+ T
AT =T, —— > 2 (5)

The T, denotes the average temperature at the top of bottom channel test surface. This temperature is calculated after
solving the conjugate heat transfer equation from the heat flux applied to the bottom of the 0.25 mm thick substrate.

The formula for the friction factor is given in eg. 6 below.
_ APD, (6)
- 2V
The Performance Evaluation Criterion (PEC) is used here to define the thermal-hydraulic performance of the heat
exchanger [3]. The PEC number is given by eq. 7 as the ratio of the performance of the microchannel with pin fins to that
without pin fins.

Nu/Nug (7)

R AL
3. Validation

Computational runs were first performed with different Reynolds numbers in the channel geometry without fins to
help validate the numerical method and the mesh size used. The Nu number and the friction factor obtained from these
runs are compared with well-established correlations, i.e. the Shah and London [11], Lee and Garimella [12], Jiang et al.
[13] predicting the Nusselt number in ducts heated from the bottom wall and Shah and London[11] and Copeland[14] for

thefriction factor. The comparisons are depicted in Figure 3.
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Figure 3: The compatibility between numerical results and well-known correlations for empty channels.

As seen in the figure, our results are in good agreement with all correlations, especially with the Shah and London
correlation [11]. The Nusselt number was within 11% and the friction factor within 5%. Based on the above, we concluded
that the numerical methodology adopted is appropriate.

The Response Surface Method is used in the present study to develop the mathematical approach to be used for
compatibility and sensitivity. For this purpose, the initial step is to implement a suitable design of experiment (DOE)
method for the mathematical background and sensitivity analysis [8]. The primary purpose of the DOE method is to
generate a data set to evaluate the input-output interactions of design variables. In this study, Box-Behnken[15] DOE
method is utilized, with input parameter ranges as described in Section 2. This method proposes 13 different numerical
runs, considering the lowest, highest and average values of the input parameters and the relevant intervals. The RSM
appears to be a very useful technique for determining the effects of all variables on the obtained results. The individual
interactions between factors and their interdependencies can be assessed using the RSM method. The Genetic Aggregation
Response Surface (GARS) method is regarded as an RSM [16]. The Genetic Aggregation method generates more
consistent results than conventional metamodeling due to its capacity to achieve multiple response surface solutions and
cross-validation, [17]. The GARS method was implemented. using the ANSYS DesinXplorer program and all examined
parametric and DOE results. Estimating the values of Nu/Nuo, f/fo, and PEC resulted in coefficients of determination (R?)
of 0.987, 0.989, and 0.953, respectively.

4. Results and Discussion
4.1 Effect of fin spacing (Sp) and fin height (Hp) on heat transfer rates and pressure drop.

The effect of varying the fin spacing on the Nusselt number and friction factor is seen in Figure 4 for Re= 200, 600

and 1000. As seen in Figure 4(a), the increase in the Nusselt number with fins compared to the channel without fins
increases with the Re number.
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Figure 4: The variation of (a) Nu/Nuo and (b) f/fo versus S, for different Re numbers. Fin height is constant at H,
=0.5mm

This increase in the absolute (Nu) and relative Nu number (Nu/Nug) is a strong function of the spacing and decreases
with increasing fin spacing. The gradient is fairly constant and the effect is the same for the three Re numbers studied. The
friction factor is equally a strong function of the Re number and again decreases with increasing fin spacing. The Nu ratio
experiences a growth spanning from 70% to 370% at different Reynolds numbers as the spacing varies. Similarly, the
friction factor ratio increases in the range of 30% to 200% with varying spacing.
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Figure 5: The variation of (a) Nu/Nuo and (b) f/fo versus H, for different Re number values. S, is constant at 4.5 mm.

Figure 5 illustrates the variation of Nu/Nuo and f/fo with fin height, H, at different Re numbers. As depicted in the
figure, the Nu number increases significantly with fin height at low fin heights. The increase is less pronounced as the
height increases, reaching almost constant values at H, greater than 0.4 mm for Re = 600 and 1000. However, the friction
factor, depicted in Figure 5(b) continues to increase for all the Re numbers studied and the entire range of fin heights. The
Nu ratio exhibits an increase ranging from 10% to 320% as the fin height varies at different Reynolds numbers. Likewise,
the friction factor ratio displays an increase in the range of 10% to 230% with varying fin heights.
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4.2 Optimised parameter for heat transfer rates and pressure drop

Figure 6 depicts the ratios of (a) Nu/Nuo, (b) f/fo, and (c) PEC numbers for fin heights ranging from 0.2 to 0.8 mm and

the variation of fin spacing 3.0 to 6.0 relative to the empty microchannel. The Re number in the figure is 1000. As expected

and seen in the figure, the addition of pin-fins generally improves thermal performance at the expense of the pressure drop

for the range of fin height, fin spacing and Re studied. The destruction of the thermal boundary layer due to the fins and

the subsequent flow patterns after each fin are the primary causes of this effect.
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Figure 6: (2) Nu/Nuo, (b) f/fo, (¢) PEC change due to H, and S, at Re=1000.

Figure 6(a) demonstrates that the Nu number reaches higher values at high H, and low S, values with the dependence
on H, being more pronounced. Generally, the increase in the Nu was found to be between 200% and 367% compared to the
empty channel for this Re value. The maximum ratio of Nu/Nuo is obtained at H, = 0.4, Sy = 3.0 and Re=1000 according to
the results of the GARS methodology.

Figure 6(b) depicts the variation of the ratio of f/fo with changes in S, and H,. As seen in the figure, the addition of pin
fins increases the f value by 10% to 270% with the increase being higher for H, values greater than 0.5 and Sp values less
than 4.0. The increase in friction depends more on the changes in fin height rather than fin spacing.

Figure 6(c) illustrates the influence of changes in fin spacing and height on PEC. As seen in Figure 5 the friction factor
increases linearly with height across all ranges. However, the rate of increase with fin spacing is not constant, see Figure 4.
This results in the PEC number reaching its maximum at H,=0.4. For higher fin heights the rate of increase in the pressure
drop was greater than the increase in the heat transfer rate. Therefore, the PEC tends to decrease with height. According to
the graph, the optimal PEC value lies between H, = 0.4 and S, = 3.0. In addition, S, =3 and H, = 0.4 and the Re value of
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1000 give the best results for the PEC number. The Nu and f increases %367 and 178% for this PEC values for those
configurations and Re, respectively according to the RSM results.

The numerical analysis is performed at Hp, =0.4, S, = 3.0 mm and Re = 1000 to validate the RSM results at the
optimum values of the parameters. It is determined that the results are very close to the RSM results, i.e. the Nu augments
up to 364%, f increases up to 162% and the optimum PEC value is 3.10.

4. Conclusions

A numerical study was carried out and presented in this paper on the effect of pin fins, located at the bottom of a
microchannel of flow cross-sectional area 1 x 1 mm2. The fin pin height was varied from 0.2 to 0.8 mm and the spacing
from 3 to 6 mm. The Reynold numbers studied were 200, 600 and 1000. The heat flux applied to the bottom wall of the
channel was 100,000 W/m?. All other walls were assumed to be adiabatic. The results were analysed using the Genetic
Aggregation Response Surface Methodology to help find an optimum pin fin height and spacing

The Performance Evaluation Criterion reached up to 3.10 for the geometry and range of Re number studied. The
optimum value of fin spacing and fin height was 3.0 mm and 0.4 mm at Re = 1000 with reference to the highest possible
PEC. The Nu and f values at these values are higher 364% and 162% than empty microchannel at the same flow and
geometric conditions. Finally, it can also be concluded that the GARS method is a highly advantageous technique for
analysing pin-fin applications in microchannels and optimizing the geometrical parameters with respect to improved heat
transfer rates and corresponding pressure drop.
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