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INTRODUCTION

Due to the rapid development of technology, electronic
devices are a part of our ordinary lives. There are various
methods to cool electronics, such as air flow cooling and
heat pipe. Air flow with heat sink was used in conventional
electronics cooling systems, which would show superiority
in terms of unit price, weight, and reliability. Therefore, the
most common way to enhance the air-cooling is through
the utilization of air flow on a heat sink. Considering the
large amount of heat produced by chemical and industrial
companies (power plants, refineries, petrochemical com-
panies), improving the heat transfer performance of equip-
ment is desired. There are many studies in the literature on
heat transfer enhancement using different techniques [1, 2].
One of the most commonly used techniques for heat trans-
fer enhancement is fins [3]. The extensive use of finned
surfaces to improve heat transfer in engineering equipment
such as heat exchangers, cooling towers, and chemical
reactors makes it critical to study methods to increase heat
transfer from the fins [4-6]. For the cooling of computer
processors and other electronic instruments, fins are used
to enhance the rate of heat transfer. According to the avail-
able literature, an immense number of experimental studies
of combined convection heat transfer from finned sur-
faces have been conducted. Kobus et al. [7] carried out an
analytical study to find the effect of buoyancy on laminar
combined convection in a staggered vertical pin fin array.
Kobus and Oshio [8] developed a theoretical model for a
vertical pin-fin array heat sink for combined convection.
Haghighi et al. [9] investigated the impact of a novel design
of plate-fin-based heat sinks on convection heat transfer.
Their results indicated that heat transfer improved by about
10%-41.6%. Yang et al. [10] investigated heat transfer in
an angled parallel-plate channel with a transverse fin sit-
uated at the channel’s lower wall. They reported that the
optimum aspect ratio of a fin corresponding to a fin with
the maximum heat transfer rate improves with raising Re.
For a mixed convection flow in a parallel-plate channel, the
optimum aspect ratio of a fin reduces as the ratio of the
fin’s thermal conductivity to the fluid’s thermal conductiv-
ity rises. Li and Chao [11] studied the different shapes of
fins on a heated horizontal base plate. They proposed some
correlations related to fin spacing, fin height, and ambient
temperature.

Numerous experimental and numerical studies con-
cerning the rectangular fin arrays have been conducted.
The influence of the transverse pitch and the longitudinal
pitch of the tube bundles, the transverse fin spacing, and
the height of the fin on the heat transfer and resistance
characteristics of the pin-fin tube bundle was investigated
by Wang et al. [12]. Based on the available literature, the fol-
lowing recent studies show the main parameters affecting
the convection behavior or fin arrays such as fin shape and
thickness [13-15], surface area [16], material [17, 18], ver-
tical fin arrays [19-21], horizontal arrays [22], air velocity

[23, 24], spacing of the fin [25, 26], and fin angle [27, 28].
Yeom et al. [13] investigated the effects of fin height and
fin spacing on combined convection heat transfer from
rectangular fin. They reported that the optimal value of fin
spacing is mostly determined by modified Ra. The ther-
mal performance and mechanics of a double-layer micro-
channel heat sink were investigated by Xu et al. [14]. Their
findings showed that cutting the baffle of micro-channels
enhances heat transmission and thermal stress performance
significantly. Gaikwad et al. [16] numerically investigated
the pool boiling heat transfer on isothermal elliptical tubes
with various aspect ratios in saturated conditions. Their
results indicated that with decreasing the aspect ratio, the
first bubble tip velocity and departure time increase and
decline, respectively. Muhammed et al. [18] investigated
the impact of a V-type fin on heat transfer performance
from a vertical surface. Their findings demonstrated that
the V-shaped fin performs better because it allows air to
move quicker through the center channel that separates
the fin array. Shim et al. [21] examined the heat transfer
effects of slanted-pin fins on an inclined hot surface. In a
vertical channel, with rising buoyancy-driven flow, the
heat performance of the positively inclined fins was better
than the negatively inclined fins. Other studies include flow
regime (laminar, transitional, turbulence) [29, 30], natural
and forced phase convection [31, 32], use of PCM in heat
sinks [33, 34], and use of ribs in heat sinks [35]. Li et al. [36]
studied the thermal performance of plate-fin sinks. Their
findings suggest that the thermal performance increases
with an increasing Re up to a point when the improvement
becomes limited. Singh et al. [37] investigated the enhance-
ment of heat transfer through an embossed fin heat sink
under natural convection. They discovered that an impres-
sion angle of 45° and an impression pitch of 12 mm produce
the best results.

The above studies show the necessity of studying and
optimizing the plate heat sink on the vertical base plate.
Although the traditional plate heat sink has been previously
researched, there was no complete practical model to pre-
dict the Nu for combined convection.

The purpose of the current work is to measure the aver-
age convective Nu and the thermal resistance of the heat
sink by using an experiential measurement technique. The
experimental investigation for the plate heat sink will pro-
vide design insight, including the existence of optimum fin
spacing. In this paper, six heat sinks with different rectan-
gular fin arrays under combined convective heat transfer
were investigated and found the optimum arrangement.

Theory of Combined Convection

Many processes in engineering devices and nature [38]
involve combined convective heat transfer, which is fre-
quently encountered in industrial and technical processes
such as electronic devices cooled by fans, nuclear reac-
tors cooled during emergency shutdown, heat exchangers
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placed in a low-velocity environment, and solar receivers
exposed to winds.

In dealing with forced convection, we ignored the effects
of natural convection. This was, of course, an assumption,
for, as we now know, natural convection is likely when there
is an unstable temperature gradient. Similarly, in the pre-
ceding sections of this part, we assumed that forced con-
vection was negligible. It is now time to acknowledge that
situations may arise for which natural and forced convec-
tion effects are comparable, in which case it is inappropriate
to neglect either process.

For the specific geometry of interest, the Nu, Nuy and
Nuy are determined from existing correlations for pure
forced and natural (free) convection, respectively.

Nuave= Nug® +Nun? 1)

The plus sign on the right-hand side of Equation (1)
applies to assisting and transverse flows, while the minus
sign applies to opposing flows [39]. The best correlation of
data is often obtained for n=3.5 for cross flows.

The convection heat transfer regime is determined
Gr Ra
ReZ _ PrRre?
be expressed in terms of the physical parameter as if [39]:

using Ri(Ri =

). This dimensionless group can

. Ra . .
Ri = —— =~ 1 Combined convection
Pr Re
. Ra .
Ri = —— < 1Forced convection
Pr Re
. Ra . .
Ri = ——— > 1 Natural convection dominates
Pr Re

Re calculated by using the equation (1) [11]:

UD
Re= 2220

(2)

where U is the inlet velocity of the cooling air;
Dn (Dn =%) is the hydraulic diameter of the test section,
w is the dynamic viscosity of air, Gr is the Grashof number,
and Pr is the Prandtl number.

Experimental Apparatus

The set-up consists of various instruments for measur-
ing the ambient temperature; the rear surface of the heater
temperature; the temperature of the front surface of the
heater; the temperature of the air (as close as possible to
the fin configuration); and the input power of the heater.
Special attention was paid to the insulation of the rear sur-
face of the heater.

For choosing a suitable insulation, we know that only
the thickness (L) and the thermal conductivity (k) of the
insulation are important for the conduction of heat through
it. Hence, the heat loss through the plate can be eliminated
by letting either L->eo or k0. Since a plate of L>eo or k>0
is physically impossible, the foregoing insulation may never
be accomplished in the absolute sense. However, the larger

the thickness or the smaller the thermal conductivity, the
better the insulation will be.

The temperature of the surfaces of the epoxy plate that
are in contact with the heater is adjusted to the same degree,
which almost eliminates the heat loss from the rear surface
of the heater. The lateral surface of the heater is insulated
by rock wool.

The electrical power was supplied through a regulated
AC power supply. The input power of the heater could be
selected precisely by feeding the power to a variable trans-
former (Variac). The voltage drop and the current flow were
monitored by a voltmeter-ammeter combination; the sup-
plied power is calculated by multiplying the voltage drop
and the current through the heater [40].

Figure 1(a) shows the schematic experimental setup,
including the heater, guard heater, and Variac. The Dirichlet
boundary condition is considered by using a thermo foil
for the back of the heater and is carefully insulated using a
guard heater. Epoxy and hardener were used to fill the gap
between the heater and the guard heater and for insulation
purposes, rock wool was used. A Variac was used to select
the right amount of power, and by using a voltmeter-amme-
ter, the voltage drop and the current flow were monitored.
The applied thermal power and heat flux can be calculated
by using the equations (3), (4) [9]:

q==V><I (3)

q"=q/A (4)

where q is the heat input, V and I are the applied volt-
age and the intensity of the current, q” is heat flux and A is
the area of our base plate, respectively. In Figure 1(b), the
main heater, copper plate, and heat sink are presented. As
can be seen in figure 3, a speed controller was used for con-
trolling the fan speed. A digital voltmeter was also applied
to measure the energy input of the DC fan. A hot-wire ane-
mometer with an accuracy of 0.01 m/s was used to measure
the flow velocity of the air. Fan speed, fin spacing, and heat
input are the important factors for combined convection
heat transfer. Fin spacing and heat input are the import-
ant factors for natural convection. In this experiment, to
measure the baseplate and fin surface temperatures, ther-
mocouples of type TM-946 were used. Figure 1(c) indicates
the real photo of experimental setup

Figure 2 shows a rectangular base plate and five types
of heat sinks used in the experimental study. The base plate
meets the spreading resistance through the area difference
between the base plate and the heat source. The heat sinks
were made from the aluminum alloy 6061 (which has a
thermal conductivity of 170 W/m K). The surface areas of
the heaters were 48 mm*50 mm. Measuring instruments
range and accuracy showed in Table 1.

From Eq. 5, voltage (V) and current (I) were the elec-
trical parameters measured in our experiments, from
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Figure 1. (a) Schematic of the experiment, (b) schematic view of our heat sink with heater, and (c) real photograph of
setup.
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(b)

Figure 2. Heat sinks configurations: (a) Real photos and (b) Schematics.

Table 1. Instruments used

Parameter Measurement device Measurement Range Accuracy
Ambient temperature K type 0to 300 °C +0.1C
Surface temperature TM-946 0to 300 °C +0.1C
Voltage measurement Variac 0to 300V +0.1V
Current Multimeter 0to20 A 0.1 A
Length measurement Caliper 5m £0.01 m
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Table 2. Fins configuration used in this experiment

Fin shape Fin spacing (S (mm)) Fin height (H(mm)) S/H Fin number (N)
Plain plate A - - - -

Heat sink B 14.6 30 0.49 4

Heat sink C 8.4 30 0.28 6

Heat sink D 5.7 30 0.19 8

Heat sink E 4.2 30 0.14 10

Heat sink F 2.8 30 0.1 12

which the input heat can be calculated. The total accuracy  To calculate the uncertainty of the experimental measure-
of the measurements was evaluated based on the accuracy  ments, the following relation is used [41]:
of the employed instruments in the previous sub-section.

. . 1/2
The maximum uncertainty for the measurements can be o = [Z (aR )2] /
. . . . . R = I Pi
obtained using the uncertainty concept provided in [41]. 9x; (5)
20 20
®B): P- 14.6mm (C): P=8.4mm
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Figure 3. (B-F) Variation of Nu, Ra, and Ri for different fin spacing and under natural and combined convection at q” =
20833 W/m*
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Where wy is the uncertainty in results, R(x;, x,, ... X,,),
and w; is the uncertainty of the independent variable x,.
According to Eq. 6;

o JEre e,
q v I (6)
The measured temperature uncertainties were reported
as error bars in the experimental results. It should be noted
that the error bars corresponding to the power measure-
ment uncertainty are not visible due to their relatively small
values as compared to the uncertainty values for the power.
In this experiment Ra changed froml 300000 to
13000000 and Re changed from 2 300 to 40 000, Ri varied

from 0.4 to 3, and ratio of (P/H) varied from 0.1 to 0.49.
Table 2 shows fins configuration used in this experiment.

RESULTS AND DISCUSSION

The combined convective heat transfer coefficient was
investigated in this study under different Re and Ri and

R (K/W)

(B): P=14.6mm

40 60 80 100 120 140
Ts-T.(°C)

(D): P=5.7mm

40 60 80 100 120 140
Ts—TA(°C)

(F): P=2.8mm

40 60 80 100 120 140
Ts—T(°C)

fin spacing. The investigation was conducted for Re vary-
ing from 2 300 to 40 000, Ra from 1300 000 to 13 000 000,
and Ri from 0.4 to 3. Under combined convection, the flow
velocity varied in the range of 2 to 8 m/s. The experimen-
tal results were obtained by changing the fin spacing from
14.6 mm to 2.8 mm and also the P/H ratio was varied from
0.1 to 0.49. For different values of fin spacing and Ri, the
variations of Nu versus Ra are shown in Figure 3 (B-F). As
it can be seen, the forced convection dominates as Nu val-
ues increase by 20%-40% when Ri changes from 0.4 to 3,
respectively. Moreover, at specific values of Ri and fin spac-
ing, Nu increased with an increase in Ra. The flow velocity
of air from fin array has drastically increased Nu,, for P =
4.2 mm at Ri = 3.

Figure 4 (B-F) shows the effect of fin spacing on ther-
mal resistance (R) for different Ri. It can be seen that as the
fin spacing increases, thermal resistance (R = A—T) decreases
to its minimum. The lowest thermal resistance is achieved
for fin number type “E” with P = 4.2 mm and N = 10. Fig.
4(E) shows that the overall thermal resistance of the heat

(C): P=8.6mm

40 60 80 100 120 140
Ts—T.(°C)

(E): P=4.2mm

40 60 120 140

80 100
Ts—T.(°C)

Figure 4. (B-F) Thermal resistance versus in spacing under combined convection for different Ri and heat input.
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sink has a minimum value of about 2.25 C/W, with the fin
spacing (pitch) at 4.2 mm. As the total height of the heat
sink is fixed, convective resistances increase as the growth
of the heat sink base causes the immersed heat transfer
area to decrease and lowers air velocity. The value of fin
spacing at which the heat transfer takes its maximum value
is defined as the optimum fin spacing, P,. These figures
show that the optimum fin spacing is 4.2 mm. The decrease
in fin spacing causes an intersection between boundary lay-
ers developed on fin surfaces. The intersection of bound-
ary layers, causing the velocity of fluid flowing through fin
arrays to decrease, prevents the cold fluid from entering
the fin grooves, and thus the hot fluid stays much longer
between the fin arrays.

However, thermal resistance differences for different fin
types are considerable at lower fin spacing. If fins are too
close together, like type F at P=2.8 mm with N=12, bound-
ary layers on adjoining surfaces will coalesce and heat
transfer will decrease. If fins are too far apart, like type B at
P=14.6 mm with N=4, the surface area becomes too small
and thermal resistance decreases.

Like other researchers such as [40, 42], this study shows
that the Nu is affected by some factors, such as Re, Gr, and
fin height. By considering the effects of these parameters,
an empirical equation was derived for Nu. Figure 5 shows
the comparison of experimental results for combined heat
transfer obtained from this work according to the effects of
the mentioned parameters

The Gr, which is the ratio of the buoyancy force to the
viscous force, can be defined as follows [40, 42]:

gBATH3
Gr= oz )

Also, the Ra is defined as [1]:

Ra= Gr.Pr (8)

C
o CPH

9)

Natural convection for rectangular fin is assumed as a

function of Ra, fin number, and ratio of P /H [43].

Nu=f (N, P /H, Ra) (10)

According to experimental results, for the correlation

of the average Nu for natural convection, the general form

of the correlation function is given in equation (11). This

equation is transformed by taking its logarithm to yield

equation (12). The logarithm of the dependent variable is

linearly dependent on the logarithms of the independent
variables.

Nu = a N*(P /H)< Ra? (11)

log Nu=log a +b log N +c long (P /H) +d log (Ra) (12)

Also for correlating of the average Nu for combined
convection [44], general form of the correlation function is
given in equation (13):

250
L ¢ Experimental results
[ Correlation equation ee ®0
200 0 o3 g
150 |
. I
=]
Z -
100
50 |
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350
ReGr(P/H)

Figure 5. Comparison of experimental result for combined heat transfer obtained from this work.
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Nu = aN*(P /H)° Re? Ra® (13)

Log Nu =loga+blogN +clog (P/H) +dlogRe +elogRa  (14)

According to experimental results, for correlating of
the average Nu, two equations (Egs. (15) and (16)) were
developed as a function of Ra and Re, height ratio (P /H),
and of number of plates (N). For obtaining an empirical
equation for natural and combined convection least square
regression method was applied [43]. Resulting equations
are presented follows:

P 0.5
Nu = 0.107 x N 12 (—) (Ra)%*
H (15)
(Natural convection correlation)
P 0.5
Nu = 0.32 x N 12 (ﬁ) (Re)®S (Ra)4
(16)

(Combined convection correlation)

The prediction by correlations is compared with the
experimental result and the prediction agrees well with
the experimental data. The average deviation for these
two equations were about 7%. These results are valid for
air and in the range of P/H = 0.1 to 0.49, 2300<Re<40 000,
1300000<Ra<13000000, and 0.4<Ri< 3.

CONCLUSIONS

An experimental investigation was carried out to mea-
sure the Nu and thermal resistance of the heat sink plate
under combined convection. The change in fin spacing has
a different Nu which leads to heat transfer behavior pre-
diction in the rectangular channel in various industrial
applications. The following are the main conclusions of this
research:

1) The combined convection heat transfer changes as the
fin number changes, and maximum heat transfer takes
place in the combined convection mode.

2) From the experimental results, it can be found that as
the fin number increases, the Nu increases and the best
result can be achieved for heat sink E by a 25% increase
in Nu.

3) Our results showed that thermal resistance increases
with increase in fin spacing. The lowest thermal resis-
tance is achieved for fin number type “E” with P=4.2
mm and N=10. However, thermal resistance differences
for different fin types are considerable at lower fin spac-
ing. If fins are too close together, like type F at P=2.8
mm with N = 12, boundary layers on adjoining surfaces
will coalesce and heat transfer will decrease. If fins are
too far apart, like type B at P =14.6 mm with N=4, the
surface area becomes too small and thermal resistance
decreases.

4) Two empirical equations based on the experimental
results for natural and combined convection heat trans-
fer was developed for the average Nu as a function of the
number of plates, Ri, Ra, and height ratio. The average
deviation for these equations was about 7%.

5) The study resulted in the successful development of gen-
eralized empirical correlations for fin heat sinks having
the capability of predicting the influence of various phys-
ical, thermal, and flow parameters on the air side perfor-
mance. The experimental data has provided good design
insight for studying the influence of various heat sink,
flow and arrangement parameters. The Nusselt number
can be determined from the generalized empirical cor-
relations developed for plate fin heat sinks.

NOMENCLATURES
A Area of base plate (0.48 x 0.58) m?
Ac cross section m?

(O specific heat J/kg K

D, hydraulic diameter (4Ac/P) mm
g gravitational acceleration m/s

G Grashof number (g p ATLY/ v?) -
h coefficient of heat transfer W/m? K
H height of the plate m

k thermal conductivity W/m K

I

N

N

P

=1

electric current amp

number of plates -

Nusselt number -

pitch mm

Pr Prandtl number (v/ a) -

q supplied heat W

q heat flux W/m?

Ra Rayleigh number (g p ATLY/a v) -
Re Reynolds number ( pU D)/ p) -
T temperature K

R thermal resistance (AT/q) K/W
Ri Richardson number (Gr/Re?) -
U
\Y%

c

air velocity m/s

Voltage V
Greek symbols
a thermal diffusivity m?/s
B volumetric thermal expansion 1/K
u dynamic viscosity N/m’s
p density kg/m®
v kinematic viscosity m?/s
Subscripts
a ambient
av average
b base plate
exp experimental
f fluid (air)
F force
N natural
oo ambient
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