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Abstract

This work experimentally studied the pressure drop and heat transfer of a square pin-fin array in a rectangular channel by using the
transient single-blow technique. The variable parameters are the relative longitudinal pitch (X1 = 1.5, 2, 2.8), the relative transverse pitch
(Xt =1.5, 2, 2.8) and the arrangement (in-line or staggered). Compared with the open articles, the present relative pitches are smaller and
independently variable. The performance of the square pin-fins as the cooling devices is compared with that of the circular pin-fins.
Besides, empirical formulas for the pressure loss and the heat transfer are suggested. Finally, the optimal inter-fin pitches are provided
based on the largest Nusselt number under the same pumping power, while the optimal inter-fin pitches of square pin-fins are Xt =2 and
X1 = 1.5 for the arrays in in-line arrangements as well as X1 = 1.5 and X = 1.5 for the arrays in staggered arrangements.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Installing pin-fins on a heating surface can increase the
surface area of dissipation and cause turbulent mixing of
flow, subsequently enhancing the heat dissipation perfor-
mance and protecting the reliability and life of devices.
Given their inexpensive and simple structure, pin-fins have
extensive applications. Applications of pin-fins in the cool-
ing configuration of a channel with cross-flow include the
internal cooling of turbine blades, the cooling of electronic
components and various other heat exchange devices.
Short pin-fins or long pin-fins are used to suit the applica-
tion. Short pin-fins typically refer to a relative fin height
(H/d, where H is the fin height and d is the fin diameter)
of under four, while long pin-fins have an H/d ratio of over
four. The relative fin height (H/d) affects the heat transfer
of pin-fins, and other affecting factors include the velocity
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of fluid flow, the thermal properties of the fluid and the
pin-fins, the cross-sectional shape of the pin-fins, the rela-
tive inter-fin pitch, the arrangement of the pin-fins and
the shroud clearance (bypass effect), among others. Many
researchers have considered the effects of the aforemen-
tioned parameters on heat transfer of pin-fins. Some are
summarized below.

1.1. Circular pin-fins

Vanfossen [1] and Brigham and Vanfossen [2] studied
the heat transfer by short pin-fins in staggered arrange-
ments. According to their results, longer pin-fins (H/d =
4) transfer more heat than shorter pin-fins (H/d=1/2
and 2) and the array-averaged heat transfer with eight rows
of pin-fins slightly exceeds that with only four rows. Their
results also established that the average heat transfer coef-
ficient on the pin surface is around 35% larger than that on
the endwalls. Metzger et al. [3] investigated the effects of
pin-fin shape and array orientation on the heat transfer
and the pressure loss in pin-fin arrays. According to their
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Nomenclature

dys heat transfer surface area per unit bulk volume
(m*/m ?)

A cross-sectional area of the test channel (m?)

Apase  bottom area of the test channel, L x W (m2)

Agone frontal area of the pin-fins (mz)

Ao total heat dissipation area of pin-fins (m?)

G, specific heat capacity (J/kg °C)

d thickness or diameter of pin-fins (m)

fa friction factor, fy = 0?5”2%

D interstitial heat transfer coefficients between
fluid stream and solid matrix (W/m? °C)

H height of the channel or pin-fins (m)

k conductivity (W/m °C)

L length of the channel (m)

Nuy fin Nusselt number, Nug = %

Nuj global Nusselt number, Nuj = Nud%

base
Pr Prandtl number, Pr = - /*é/p e "
P
Re Reynolds number based on L, Re = pf%
Rey Reynolds number based on d, Rey = pUd
St center-to-center longitudinal distance between
the adjacent fins (m)
St center-to-center transverse distance between the
adjacent fins (m)
T volumetric average temperature (°C)

Tina  final temperature of preheating air at the chan-
nel inlet (°C)

U volumetric average fluid velocity (m/s)

Unmax ~ maximum velocity between fins, U ﬁ}mm (m/s)

w width of the heat sink (m)

X streamwise Cartesian coordinate (m)

X nondimensional Cartesian coordinate, X = 7

X relative longitudinal pitch, Sy/d

Xt relative transverse pitch, St/d

AP pressure drop (Pa)

Greek symbols

€ porosity of pin-fin array

u viscosity of fluid (kg/m/s)

0 density (kg/m>)

0 nondimensional temperature, 0 = TﬁTn;fOTO

T nondimensional time, 7 = 7 /’U

Subscripts

0 initial

f fluid stream

in at channel inlet

out at channel outlet

s solid matrix

results, the use of circular pin-fins with an array orientation
between staggered and in-line can sometimes promote the
heat transfer, while substantially reducing pressure. When
oblong pin-fins are used, heat transfer increases of around
20% over the circular pin-fins were measured, but these
increases were offset by increases in the pressure loss of
around 100%. Their estimate indicated that the pin-fin
surface coefficients were approximately double the endwall
values.

Numerous works [4-9] have been conducted on long
pin-fins. Zukauskas and Ulinskas [4] presented famous
correlations between heat transfer and pressure drop for
in-line and staggered banks of tubes over wide ranges of
Reynolds numbers and relative transverse and longitudinal
pitches. Armstrong and Winstanley [5] reviewed how pin-
fin height and inter-fin pitch affect heat transfer and flow
friction, as well as the effect of accelerating flow in converg-
ing pin-fin channels. Jubran et al. [6] found that the optimal
inter-fin pitch in both transverse and longitudinal direc-
tions was 2.5 times the diameter of the pin-fin, indepen-
dently of both the arrangement of the pin-fins and the
shroud clearance. Tahat et al. [7,8] revealed that, for in-line
and staggered arrays, the ratios of the optimal transverse
and longitudinal pitches to the pin-fin diameter required
to maximize the heat transfer from the pin-fin assembly,
were 1.3 and 2.2, respectively. Babus’Hagq et al. [9] reported
that the optimal ratio of the inter-fin pitch to the pin-
fin diameter in the transverse direction was 2.04 for all

pin-fin systems. However, the optimal ratios in the longitu-
dinal direction were 1.63, 1.71 and 1.95 for polytetrafluor-
oethene pin-fins (k = 1.7 W/m °C), mild-steel pin-fins (k =
54 W/m °C) and duralumin pin-fins (k=168 W/m °C),
respectively. Notably, the optimal inter-fin pitches [6-9]
are determined by the assembly of the channel and the base
of the pin-fin array. Restated, for the test cases with small
ratios of the transverse pitch to the pin-fin diameter, the
distance from the base of the pin-fin array to the sidewall
of the channel significantly exceeds the inter-fin space [6-9].

1.2. Square pin-fins

Grannis and Sparrow [10] used the typical experiments
to verify the accuracy of the numerical simulation of fluid
flow through a diamond-shaped pin-fin array. They pro-
vided the correlation between the friction factor and the
Reynolds number based on the results of numerical calcu-
lations. You and Chang [11,12] adopted experimental data
to elucidate numerically the fluid flow and heat transfer
characteristics of square pin-fin arrays that are fully con-
fined in a rectangular channel. By applying the porous
approach. Kim and Kuznetsov [13], and Kim et al. [14]
modeled pin-fin heat sinks as porous media and examined
their fluid flow and heat transfer performance in a jet
impinging channel and a cross-flow channel, respectively.
Saha and Acharya [15] numerically studied flow and heat
transfer in a periodic array of cubic pin-fins housed inside



2366 T.-M. Jeng, S.-C. Tzeng/ International Journal of Heat and Mass Transfer 50 (2007) 2364-2375

a channel. The pin-fins are arranged in an in-line pattern
with both streamwise and transverse periodicity set to 2.5
times the pin-fin dimension. Three dimensional computa-
tions and unsteady k—¢ turbulence model were employed
in their work. Most of them focused on the pin-fin array
with the in-line arrangement and uniform distribution
(meaning that the transverse pitch equalled the longitudi-
nal pitch); they did not consider an array with non-uniform
distribution. Sara et al. [16] also studied the drop in pres-
sure and the transfer of heat in rectangular channels with
square pin-fins in in-line arrangements. They considered
fixed transverse pitch but variable longitudinal pitch.
Square pin-fins in staggered arrangements have seldom
been investigated, and only Sara [17] investigated heat
transfer on large relative pitches.

Following the cited literature, this work explores the
pressure drop and the heat transfer in square pin-fins with
small and independently variable inter-fin pitches, to
improve our understanding of pin-fin arrays. A series of
experiments are systematically performed to elucidate the
effects of the inter-fin pitch and the arrangement (in-line
and staggered types). The performance of square pin-fins
as cooling devices is compared with that of circular pin-
fins. Empirical formulas for the pressure loss and the heat
transfer are suggested. Accordingly, the results can help
cooling engineers design more efficient cooling devices
based on pin-fin arrays.

2. Experimental apparatus
Fig. 1 presents an experimental setup for measuring the

flow drag and the heat transfer of pin-fin arrays. It com-
prises three main parts: (1) the wind tunnel, (2) the test sec-

tion and (3) the data acquisition equipment. The details of
the apparatus follow.

(1) Wind tunnel: An open-looped suction-type wind tun-
nel was used herein. Firstly, a one-HP blower drove
air into the wind tunnel through a 200 x 200 mm?>
bell mouth with a honeycomb straightener. Then,
the air passed through a contraction section to reduce
the turbulence. Finally, the air entered the test section
after it flowed through a specially designed plate
heater made of stainless steel foil. An inverter was
employed to control the rate of rotation of the
blower’s motor to yield a specific flow rate.

(2) Test section: The test section was a rectangular chan-
nel that contained a square pin-fin array. The channel
section was 81.5 mm wide, 76.5 mm high and 300 mm
long. The channel walls were made of 20 mm thick
Bakelite to reduce heat loss. The square pin-fin with
a cross section of 9.6 x 9.6 mm? and a height of
76.5 mm (i.e., H/d = 8.0) was made from aluminum
alloy (p = 2710 kg/m?, C, = 1256 J/kg °C). The vari-
able parameters of the pin-fin array were the relative
transverse pitch (Xt = St/d=1.5, 2.0, 2.8 where St
is the transverse distance between the centers of adja-
cent fins and d is the thickness of the square pin-fin),
the relative longitudinal pitch (X1 = Sy /d = 1.5, 2.0,
2.8 where Sy is the longitudinal distance between
the centers of adjacent fins) and the arrangement of
the pin-fins (in-line or staggered) (Fig. 2).

(3) Data acquisition equipment: The Pitot tube and the
micro-manometer measured the air velocity across
the test channel. The digital pressure transmitter mea-
sured pressure drops across the pin-fin arrays. The
time histories of the inlet and outlet air temperatures

1. wind tunnel 8. power supply

2. honey-comb 9. micro-manometer
3. blower 10. pitot tube

4. motor 11. pressure transmitter
5. Inverter 12. thermocouples

6. test section 13. recorder

7. heater 14. computer

Fig. 1. Experimental setup.
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Fig. 2. Test section: (a) test section, (b) top view (in-line), and (c) top view
(staggered).

were obtained using T-type thermocouples. Eighteen
thermocouples were installed at the cross-sections of
the channel inlet and outlet. The transient tempera-
ture signals were transferred and subsequently
recorded using a real-time hybrid recorder (Agilent
34970A) at a sample rate of 2 Hz.

3. Analysis

In the transient single-blow experiments herein, a heated
fluid flow supplies thermal energy to aluminum pin-fins.
The fluid temperatures and the volumetric average fluid
velocity in the test channel are assumed to be uniform.
The temperatures of the solid and the fluid in the test chan-
nel depended on the distance along the flow direction and
on the time. Therefore, this problem can be solved using
a one-dimensional transient heat transfer model. The other
assumptions and simplifications are as follows: (1) the pin-
fin array is treated as a porous medium; (2) the fluid flow is
in the steady-state and incompressible; (3) the thermophys-
ical characteristics of the fluid and the porous media are
constant, and (4) the conduction and dispersion in the flow
direction are negligible. Accordingly, the volume-averaged
conservation equations of energy for the solid and fluid
phases are [18].

0T
(1 _8)(pCP)s§:hfsafs(Tf_ Ts) (1)
oT oT
(Pcp)f (36; + Uaxf> = hfsafs(Ts - Tf) (2)

In these equations, ¢ denotes the porosity of the pin-fin ar-
ray, i.e., the total void volume divided by the total volume
occupied by the pin-fins and void volume; U is the volumet-
ric average fluid velocity; 7 and T; represent the volumet-
ric average temperature of the solid and fluid phases,
respectively; /g is the interstitial heat transfer coefficient
between the fluid stream and the solid matrix, and ag is
the surface area of heat transfer per unit bulk volume in
the test channel. Introducing the variables,

x=r .-_r _ =T :(pC,,)f
L’ L/U’ Tiwa — To" (pCy).’
UL hesags L
:ﬂ, Re = P12y = IR (3)
ke/(pCp)e iz ke

enables the governing equations to be nondimensionalized
as

aﬂg Nufs
1 —e) =2 =
( 2 ot € RePr
80( 691‘ o Nufs
5 Tax ~ repr ) )

(0 — 0;) 4)

The nondimensional forms of the initial and boundary con-
ditions are

05(0,x) = 6r(0,x) =0 (6)
0¢(¢,0) = measured data (7)

The control-volume-based finite-difference technique
[19] is employed to solve the above equations associated
with the initial and boundary conditions. The transient
finite-difference form of the energy equations is obtained
explicitly by line-by-line iteration. The sensitivity of the
outlet air temperature to the number of nodes and the time
increment is examined to investigate the stability and accu-
racy of the numerical scheme. Three sets of 41, 61 and 81
nodes are adopted to ensure that the results herein are inde-
pendent of the grid used. Comparing 0r at the channel out-
let between the sets of 61 nodes and 81 nodes reveals a
deviation of less than 1%, indicating that 61 nodes suffice
to yield grid-independent results. Additionally, the effect
of the time step on the results is studied using three time
steps — A1 =0.05, 0.1 and 0.2. The results indicate no sig-
nificant difference between the results obtained using the
time steps 0.05 and 0.1. Hence, all of the calculations are
performed using 61 nodes and At =0.1.

4. Determining /s and error analysis

Fig. 3 presents a flow chart for the determination of the
interstitial heat transfer coefficient in the test channel by
the transient single-blow method [20,21]. The transient
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Fig. 3. Flow chart of the transient single-blow technique.

histories of the outlet air temperature (7% o, are governed
by many parameters, including the inlet air temperature
(Ttin), the volumetric average fluid velocity (U), the poros-
ity of the pin-fin array (&), the heat transfer surface area per
unit bulk volume (ag) and the interstitial heat transfer coef-
ficient (Ag). The test channels with various X1, X1 and
arrangements have various ¢ and ag. Egs. (1)—(7) in Section
3 determine the total temperature field. The values of Tty
U, ¢ and ag can be measured. Substituting the measured
data and the guessed /¢ into the governing equations yields
the predicted outlet air temperature numerically. If the pre-
dicted outlet air temperature matches the experimental
value, then the guessed /g is the interstitial heat transfer
coefficient of the test channel with the specified X1, X.
and arrangement. Fig. 4 illustrates the predicted and mea-
sured outlet air temperature of square pin-fins with in-line

- Square pin-ﬂns. in-line
1.4 — Outlet Inlet X;=X, Reqd hys

1l A 15 1883 82
o e 20 3381 136
124 & 28 4002 152

0.2 Theoretical results
(hy, W/m?°C)
00 I T l T l T l T l T
0 40 80 120 160 200

Time (sec)

Fig. 4. The measured nondimensional inlet and outlet temperature for
typical cases.

arrangements and various inter-fin pitches and flow rates.
According to our results, the predicted outlet air tempera-
ture correlates well with the experimental value because the
estimate of /i;, was accurate.

The measured volumetric average fluid velocities (U),
pressure drops (AP) and interstitial heat transfer coeffi-
cients (/) were used to calculate the Reynolds numbers,
the friction factors and the average fin Nusselt numbers:

Reg = P24 (8)
AP d
_ d 9
Ja 0.50,U° L ®)
Nug = 19 (10)
kg

where d and L are the thickness of the square pin-fin and
the length of the test channel, respectively. Data supplied
by the manufacturer of the instruments stated that the
measurements of flow velocity, length scale and pressure
drop have an error of +1%. The uncertainty in the mea-
sured temperature was 0.2 °C. The inlet air was typically
heated from 20 to 60 °C. Each experiment took around
180 sec. In the transient single-blow experiments, the devi-
ation in the A value was caused by the inlet air tempera-
ture (7ri,), the outlet air temperature (7toy), the
volumetric average fluid velocity (U), the porosity of the
pin-fin array (¢) and the heat transfer surface area per unit
bulk volume (ag). In the typical case with X1 = X =2.0
and Rey = 3361, the measurement errors in Ttin, Ttouts
U, ¢ and ag yielded uncertainties of +4.2%, +4.6%,
+3.0%, 4+3.2% and +2.2% in hg. The standard single-
sample uncertainty analysis, recommended by Kline and
McClintock [22] and Moffat [23], yielded uncertainties in
the Reynolds number, friction factor and average fin Nus-
selt number of +2.0%, +2.4% and +8.1%, respectively.
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5. Results and discussion
5.1. Pressure drop

Flow of a fluid through a pin-fin array exerts a force on
each pin-fin, the direction of which is not necessarily coin-
cident with that of the flow. The total drag force is the sum
of the skin friction and the form drag. Its longitudinal com-
ponent is called the drag force. Skin friction is responsible
for almost all of the drag force at low flow rate. As the flow
rate increases, the contribution of the skin friction to the
drag force decreases; the rest of this force is caused by form
drag. The drag causes a drop in pressure across the pin-fin
array. The pressure drop is generally proportional to the
flow rate at low flow rates, but to the square of the flow
rate at high flow rates. This work introduces a nondimen-
sional parameter (fyRe]) to represent the pressure drop to
study the relationship between the pressure drop and the
flow rate, and to make the experimental data more useful.
This section uses the nondimensional pressure drop (fyRe3)
and the Reynolds number (Req4) to elucidate the relation-
ship between the pressure drop and the flow rate through
the pin-fin array.

Fig. 5 plots the nondimensional pressure drop (fyRe})
against Reynolds number (Rey) for circular pin-fins with
in-line arrangements, to confirm the accuracy of the flow
experiments. The results indicate that, over the range of
Rey studied herein, the relative longitudinal pitch (X1)
barely affects the nondimensional pressure drop (fiRe;),
which, however increases strongly as the relative transverse
pitch (Xt) declines. The deeﬁ is proportional to the square
of Rey, indicating that the form drag dominates the pressure
drop over the Req range of interest (697 < Req < 10,960).
Least square analysis of the presented experimental data
shows that all of the data concerning flow experiments on
circular pin-fins in in-line arrangements satisfy the follow-
ing equations:

10%5 ,
3 [ Circular pin-fins i
J Lin-line, X, =1.5—2.8 /
7 [Symbol [ Xt &y
1 O 15 /
1 (@) 2.0
A 2.8 7
1 07—: ——— Curvefit 7 &%
~g T
& 4 x=15
<
2 i
Xr=2.0
1083
] S
i /
oy
7 / _ Correlation of Zukauskas
5 & Ulinskas [4]
10 T |||||||| T |||||||| T T TTTTIT
5
102 10° 10* 10
Red

Fig. 5. Nondimensional pressure drop as a function of Reynolds number
for circular pin-fins in in-line arrangements.

fa=2.00 forXt=1.5
fa=0.56 for Xt =20 (11)
fa=0.19 for Xt =238

The average deviation between the results of Eq. (11) and
the experimental data was under 5%. Notably, Eq. (11) is
independent of Reynolds number within the range of
697 < Req < 10,960. It can be explained as follows. For
porous media, the relationship between f3 and Rey can be
expressed as f4=2 x (1/Req/Da+F/Da’>) [24], where
Da(=K/d?) is Darcy number and F is the inertial coefficient.
The permeability, K, and inertial coefficient, F, are the
important factors in the relationship between the pressure
drop and the velocity through the porous media, and val-
ues of K and F are based on the interior structures of the
porous media. For the present range of Reynolds number
(697 < Req < 10,960), the Req is sufficient large so the f4
is independent of Rey (around 2 x F/Da"?).

Zukauskas and Ulinskas [4] experimentally investigated
the fluid flow and heat transfer characteristics in circular
pin-fins with various inter-fin pitches and arrangements,
over wide ranges of Reynolds numbers and Prandtl num-
bers. Fig. 5 also plots the predictions obtained using the
correlation between the friction factor and the Reynolds
number, proposed by Zukauskas and Ulinskas [4]. The
data herein are consistent with the predictions of Zukaus-
kas and Ulinskas [4], revealing the validity of the tests
performed herein.

Fig. 6 plots the relationship between the nondimensional
pressure drop (fyRe}) and the Reynolds number (Reg) for
square pin-fins with in-line arrangements. The results dem-
onstrate that the nondimensional pressure drop (fyRe;)
decreases as the relative longitudinal pitch (Xi) declines,
because the fluid flow is concentrated in lanes between
the fin columns with small X7, reducing the turbulent
wakes of the upstream pin-fins. Therefore, the pressure

10— =
B Square pin-fins, in-line
= |Symbol| Xt XL @ /
JmC]15[15,2028 2/
00)|2.0[15,2.028 [? 5
1IAAA|2.8]152.0,2.8 @/O%
7_
10" k é/o.%‘
- /M FAa
- /
g /% A
« _ ﬁ / //
/
10° / ‘0 , oA
3 / /
] r !
1 X=15" /)
i / ,’ A |_ _ _ Circular pin-fins,
2.0 / in-line, Eq. (11)
7 2.8’
5
10 T IIIIIII| T IIIIIII| T T TTTTIT
102 10° 10* 10°
Red

Fig. 6. Nondimensional pressure drop as a function of Reynolds number
for square pin-fins in in-line arrangements.
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drop falls. Moreover, as Xt decreases and Rey increases,
the effect of X1 on the pressure drop becomes weaker.
However, the pressure drop falls as Xt increases. The pres-
sure drop vs. Reynolds number studied herein can also
agree with those of Jeng and Tzeng [24], who set up pin-
fin arrays as porous media. They performed theoretical
analysis and experimental tests to derive the correlation
between the friction factor and the Reynolds number for
rectangular pin-fin arrays in in-line arrangements. Fig. 6
also plots the nondimensional pressure drop for circular
pin-fins in in-line arrangements, reduced using Eq. (11).
The square pin-fins in in-line arrangements have smaller
nondimensional pressure drops at high Xt (such as
X1t=2.0 or 2.8) than the circular pin-fins in in-line
arrangements, but equivalent (or slightly higher) nondi-
mensional pressure drops at low Xt (such as Xt = 1.5).

Fig. 7 plots the relationship between the nondimensional
pressure drop (fyRe]) and the Reynolds number (Req) for
square pin-fins with staggered arrangements. The results
show that the nondimensional pressure drop generally falls
as X1 or Xt increases. However, the effect of the inter-fin
pitch on the pressure drop is weak at high Reynolds num-
ber and low Xp. The relationship between the friction
factor and the Reynolds number for square pin-fins in stag-
gered arrangements is

fa = aRe, (12)

Table 1 presents the values of @ and b in Eq. (12) for var-
ious inter-fin pitches, as determined by least square analysis
of the presented experimental data. The average deviation
between Eq. (12) and the experimental data was less than
5%. Additionally, the square pin-fins in staggered arrange-
ments have larger nondimensional pressure drops than
circular and square pin-fins in in-line arrangements.

5.2. Nusselt number

Heat is convectively dissipated by a pin-fin array by two
main mechanisms — fin heat transfer and endwall heat
transfer. When the relative fin height (H/d) is under 4,
the pin-fin is short, and the endwall heat transfer and fin
heat transfer are equally important [1-3]; when the relative
fin height exceeds 4 (such as H/d = 8), the pin-fin is long,
and the fin heat transfer is the main heat transfer path.
Most researchers, in discussing the relationship between
the fin heat transfer by the pin-fin array and the Reynolds
number, considered the Reynolds number that is based on
the maximum velocity between the pin-fins (Unax). Umax 18
defined as

A
Umax B UA _Afront (13)
where A is the cross-sectional area of the test channel and
Afgront 18 the frontal area of the pin-fins. In order to compare
the results with those of other researches, this section
applies the fin Nusselt number (Nug) and Reg(Upay/U) to
elucidate the relationship between the heat transfer and
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Fig. 7. Nondimensional pressure drop as a function of Reynolds number
for square pin-fins in staggered arrangements: (a) X; = 1.5, (b) Xy =2.0,
and (c) XL =2.8.

the maximum velocity of pin-fin arrays with various
inter-fin pitches and arrangements.
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Table 1
Corresponding factors in the correlation of friction factor for square pin-
fins in staggered arrangements

fa = aRel for 478 < Rey < 6044

XT XL a b

1.5 1.5 120.78 —0.472
1.5 2 2.00 0

1.5 2.8 1.46 0

2 1.5 62.69 —0.432
2 2 2.10 0

2 2.8 1.64 0

2.8 L5 34.93 —0.374
2.8 2 1.201 0

2.8 2.8 0.701 0

Fig. 8 compares the present Nuy values with those pre-
sented elsewhere [4-7,12,14,16,17,25]. The results indicate
that the present data are within a reasonable range; in par-
ticular, the Nuy of the circular pin-fins is very consistent
with the empirical equation proposed by Zukauskas and
Ulinskas [4]:

U 0.63
Nud =0.237 (Red %) (14)

This work uses Eq. (14) as the basis for comparison in the
follow-up. Additionally, studies of square pin-fins in in-line
arrangements, such as those of You and Chang [12] and
Kim et al. [14], have focused on the heat transfer of pin-
fin arrays with X1 = X, Sara et al. [16] adopted fixed Xt
but variable X;. Furthermore, few studies have employed
square pin-fins in staggered arrangements, and only Sara
[17] investigated heat transfer for large relative pitches
(Xt =3.25, Xy =2.58-10.33). Accordingly, this work uti-
lizes small and independently variable inter-fin pitches
(Xt=15-2.8, Xy =1.5-2.8) to study heat transfer on
pin-fin arrays more thoroughly.

Fig. 9 plots the Nusselt number against Reynolds num-
ber for square pin-fins in in-line arrangements. Increasing
the X1 increases Nugy, because when square pin-fins are in
in-line arrangements, if X7 is large, the airflow is not con-
fined between the fin columns, and the effective contact
area of airflow and pin-fins is increased, facilitating the
heat transfer between the airflow and the pin-fins; however,
the pressure drop would increases simultaneously (Fig. 6).
A large Xt corresponds to a small Nugy, because the maxi-
mum velocity between fins decreases as Xt increases. All
experimental data were substituted into the empirical equa-
tion, as shown in Table 2. The average error between the
values predicted using the empirical equation in Table 2
and experimental values is under 5%. Notably, Table 2 also
gives the empirical equation for in-line square pin-fins with
uniform distribution (for which the transverse pitch equals
the longitudinal pitch), as suggested by Kim et al. [14].
When Xt # X1, and X1 =2.0, the empirical equation of
Kim et al. [12] can be used to predict Nuy accurately. How-
ever, when Xt # X1 and Xt = 1.5 or 2.8, the empirical
equation proposed by Kim et al. [14] deviates markedly
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Fig. 8. Comparison of Nusselt number with others’ data: (a) circular pin-
fins (in-line), (b) square pin-fins (in-line), and (¢) square pin-fins (staggered).

from the present empirical equation. Fig. 9 also shows data
on the Nusselt number for circular pin-fins in in-line
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Table 2
Corresponding factors in the correlation of Nusselt number for square
pin-fins in in-line arrangements

Nug = my(Req X Umax/U)"™ for 916 < Reg < 13,091

Xt XL € Present work Kim et al. [12]
ny n m ny

1.5 1.5 0.607  0.0269 0.829  0.0269 0.82934
1.5 2 0.706  0.0403 0.829  0.0313  0.82934
1.5 2.8 0.79 0.0532 0.829 0.0350 0.82934
2 1.5 0.686  0.0305 0.829  0.0304 0.82934
2 2 0.764  0.0339  0.829  0.0339  0.82934
2 2.8 0.832  0.0371  0.829  0.0369 0.82934
2.8 1.5 0.764  0.0170 0.829  0.0339  0.82934
2.8 2 0.823  0.0238 0.829  0.0365 0.82934
2.8 2.8 0.874  0.0388 0.829  0.0387  0.82934
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Fig. 9. Nusselt number as a function of Reynolds number for square pin-
fins in in-line arrangements: (a) Xt = 1.5, (b) X1 =2.0, and (c) X1 =2.8.

arrangements (given by Eq. (14)). Most square pin-fins in
in-line arrangements exhibit poorer heat transfer than cir-
cular pin-fins in in-line arrangements, but a few, such with

X1, = 2.8, show excellent heat transfer at high Reynolds
number. When Xy =2.8, Xr=1.5 and Rey(Upn./U) =
12,500, the Nusselt number (Nug) of square pin-fins is
around 40% higher than that of circular pin-fins.

Fig. 10 and Table 3 shows the relationship between Nuy
and Rey(Upay/U) for square pin-fins in staggered arrange-
ments. Over the range of Reynolds numbers of interest in
this work, Xt and X7 negligibly affect heat transfer. When
Rey(Unax/ U) exceeds 6000, square pin-fins with staggered

160
u Square pin-fins
Staggered, X =1.5—2.8|
140 — Symbol X1
T O 15
120 — o 2.0 -
i A 2.8 0 T
100 — o
° 7 qu -7 -
2 80 LI
60 —
40 — N
7 Circular pin-fins,
20 — ~ 7 in-line, Eq. (14)
-7
0 T I T I T I T
0 5000 10000 15000 20000
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Fig. 10. Nusselt number as a function of Reynolds number for square pin-
fins in staggered arrangements.

Table 3
Corresponding factors in the correlation of Nusselt number for square
pin-fins in staggered arrangements

Nug = my(Req X Upax/U)™ for 478 < Reg < 6044 and X1 = 1.5-2.8

Xt my n

1.5 0.058 0.796
2 0.188 0.666
2.8 0.202 0.660
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arrangements generally have a high Nusselt number. When
Xr=1.5, Xy =28 and Rey(Una/U) = 12,500, the heat

transfer of square pin-fins in staggered arrangements
exceeds that of circular pin-fins by around 20%.
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in-line, X7=1.5 X =15 4| Square pin-fins | Gircular pin-fins, in-line, Xy=1.5
1400 — [ symbol | X. ____  Xi-20 1400 — staggered, X1=1.5 XL=15
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Fig. 11. Global Nusselt number as a function of nondimensional pumping
power for square pin-fins in in-line arrangements: (a) Xt=1.5, (b)
Xt=2.0, and (c) X7 =238.

Fig. 12. Global Nusselt number as a function of nondimensional pumping
power for square pin-fins in staggered arrangements: (a) Xt = 1.5, (b)
X1 =2.0, and (c) Xt =238.
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5.3. Overall performance of fluid flow and heat transfer

The convective heat dissipation of the pin-fin array in the
channel is positively related to the amount of airflow that
flow through it, but at high airflow, more pumping power
is required to overcome the flow resistance. Therefore, in
determining the optimal inter-fin pitches, the largest Nusselt
number is reasonably used for a given pumping power. This
section introduces fjRe] as the nondimensional pumping
power. Also, the fin Nusselt number (Nuy) represents the
average heat transfer capacity of the pin-fin surface, and
the total heat dissipation area must be considered in deter-
mining the global heat transfer of the pin-fin array. Hence,
this work proposes that Nuj; be used to represent the global
Nusselt number, and the relationship between Nujj and Nugis

Nuy = Nud@ (15)
Abase

where Ay, 1s the total area of heat dissipation of pin-fins,

and Ay, represents the bottom area of the test channel

(L x W).

Figs. 11 and 12 plot the global Nusselt number as func-
tion of the nondimensional pumping power for square pin-
fins in in-line arrangements and staggered arrangements,
respectively. The inter-fin pitches of square pin-fins in in-
line arrangements are optimal at Xt =2 and Xp =1.5.
Given a particular pumping power, the Nuj is around
20% higher than that of the circular pin-fins in in-line
arrangements at Xt =2 and X1 = 1.5. For square pin-fins
in staggered arrangements, the inter-fin pitches are optimal
at Xt =1.5and X1, = 1.5, which result agrees with the opti-
mal inter-fin pitches of circular pin-fins in in-line arrange-
ments. Additionally, at Xt = 1.5 and Xy = 1.5 and when
faReq * exceeds 2.5 x 10'°, the Nuj; of square pin-fins in
staggered arrangements exceeds that of circular pin-fins
in in-line arrangements; when deezl =2.0 x 10", the Nuj;
of square pin-fins in staggered arrangements is 25% higher
than that of circular pin-fins in in-line arrangements.

6. Conclusions

This work experimentally investigated the pressure drop
and heat transfer of a square pin-fin array in a rectangular
channel using the transient single-blow technique. The var-
iable parameters are the relative longitudinal pitch (X1 =
1.5, 2, 2.8), the relative transverse pitch (Xt =1.5, 2, 2.8)
and the arrangement (in-line or staggered). The following
conclusions are drawn:

(1) The in-line square pin-fin array has smaller pressure
drop than the in-line circular pin-fin array at high
Xt (X1=2.0 or 2.8) but an equivalent (or even
slightly higher) pressure drop at low Xt (such as
Xt =1.5). Additionally, the staggered square pin-fin
array has the largest pressure drop of the three pin-
fin arrays (in-line circular pin-fins, in-line square
pin-fins and staggered square pin-fins).

(2) Most in-line square pin-fin arrays have poorer heat
transfer than an in-line circular pin-fin array, but a
few, as when Xp = 2.8, exhibit excellent heat tran-
sfer at high Reynolds number. For instance, when
Xp =28, Xt=1.5 and Reyg(Upax/U) = 12,500, the
fin Nusselt number (Nugy) of square pin-fins is around
40% higher than that of circular pin-fins. Moreover,
when Reg( Upay/ U) exceeds 6000, the Nusselt number
of the staggered square pin-fin array generally
exceeds that of the in-line circular pin-fin array.
When Xp=1.5 X. =28 and Rey(Upna/U)=
12,500, the heat transfer of the staggered square
pin-fin array is around 20% higher than that of the
in-line circular pin-fin array.

(3) The optimal inter-fin pitches are determined by the
largest Nusselt number at a given pumping power.
The optimal inter-fin pitches of in-line square pin-
fin arrays are Xt =2 and X = 1.5, its Nuj is around
20% higher than that of the in-line circular pin-fin
array. However, the staggered square pin-fin array
performs best at Xt=1.5 and Xy =1.5. Further-
more, at Xr=1.5 and X =1.5 and when f;Re]
exceeds 2.5 x 10'%, the Nu of the staggered square
pin-fin array exceeds that of the in-line circular pin-
fin array; and when fiRe} = 2.0 x 10", the Nuj of
the staggered square pin-fin array is 25% higher than
that of the in-line circular pin-fin array.
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