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Abstract

Pressure drop and heat transfer of arrays of in-line circular blocks on the wall of a parallel channel are measured.

Diameter and height of the blocks are 40 and 18 mm, respectively, while pitches of the blocks are varied. The effects of

the number of lines and rows and other factors on pressure drop and heat transfer are investigated. The pressure loss

coefficient f is the sum of the pressure drop across three regions, the inlet, intermediate and outlet regions, and is

formulated as an empirical equation that agrees with experimental data to within ±10%. Average heat transfer coef-

ficient of the first row of blocks is 10% lower than that of the second row. Coefficients of the first 5 rows Numi, are
approximated to within ±10% by Numi ¼ 0:118ðRe=bÞ0:75, where b is the opening ratio. The average Nusselt number of
the second to fifth rows is also correlated to fan power, Pw, to within 5% by Nuave ¼ 190P 0:25w , where Pw ¼ DPUmA0;DP is
the pressure difference, Um is the mean velocity and A0 is the cross-sectional area of the duct. Finally, the Nusselt
number is represented by a non-dimensional expression as Nuave ¼ 0:134ðf1=3ReÞ0:75.
� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

According to the design of air-cooled electronic

equipment [1], pressure drop and heat transfer perfor-

mance of the equipment are the most important factors.

In previous papers [2–5], general correlations for pres-

sure drop and heat transfer performance have not been

presented. For example, Sparrow et al. [2,3] investigated

on heat transfer of arrays of rectangular modules to-

gether with the measurement of pressure distributions

on the duct wall. However, the value of the pressure

drop was not quantitatively correlated to the heat

transfer performance. The authors [6] have carried out

experimental studies on the pressure loss across arrays
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of in-line square blocks having sizes similar to packages

of electronic equipment on the wall of a parallel channel.

Block heights, numbers of lines and rows, and pitches of

the blocks were systematically varied. The pressure loss

coefficient is given by the sum of the pressure drop

across three regions: the inlet, intermediate and outlet

ports.

In the present study, the pressure loss and average

heat transfer of arrays of in-line circular blocks on the

wall of a parallel channel were measured for various

arrangements. The pressure loss coefficient is formulated

by the same method as in a previous paper [4]. Average

Nusselt numbers of the blocks are given by general

equations, and agree with experimental data to within

±10%. Finally, average Nusselt number is correlated to

the pressure loss coefficient and is given by a dimen-

sionless expression. This fact enables the prediction of

the pressure loss and average heat transfer of arrays of

circular blocks.
ed.
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Nomenclature

A frontal area of blocks in a flow ¼ dHM
A0 cross-sectional area in a duct ¼ BW
B;W height and wide of a duct

Cp pressure coefficient ¼ ðp � paÞ=0:5qU 2
m

Cp1 pressure drop coefficient at inlet part ¼
ðpupst � p1Þ=0:5qU 2

m

Cp2 pressure drop coefficient on array of

blocks¼ðp1 � p2Þ=0:5qU 2
m

Cp3 pressure raise coefficient at outlet part ¼
ðpdnst � p2Þ=0:5qU 2

m

d;H diameter and height of a circular block

hmi average heat transfer coefficient of ith row
block ¼ q=ðhwi � h0Þ

M ;N numbers of lines and rows

Nuave mean Nusselt number per row ¼PN
i¼1 Numi

� �
=N or

PN
i¼2 Numi

� �
=ðN � 1Þ

Numi mean Nusselt number of ith rows¼ hmid=k
Pw fan power ¼ ðpupst � pdnstÞQ
p; pa pressure on a wall and atmospheric pressure

p1; p2 pressure at the inlet and outlet of array of

blocks

P1; P2 pitches between array of blocks

Q flow rate ¼ A0Um ¼ BWUm
Qi heat flow rate

q heat flux ¼ Qi=pðdH þ d2=4Þ
Re Reynolds number ¼ Umd=m
Um mean velocity at upstream

b opening ratio¼1�A=A0¼1�ðB=HÞðd=W ÞM
d dominant factor ¼ ð1� bÞ=b2
f pressure loss coefficient ¼ ðpupst � pdnstÞ=

0:5qU 2
m

k thermal conductivity of fluid

m; q kinematic viscosity and density of fluid

h0; hwi temperature of main flow and surface wall

on the ith row block

Subscripts

exp, est experimental value and estimated value

upst, dnst upstream and downstream sides of

blocks

Fig. 1. Experimental apparatus: (a) configuration and symbols;

(b) heat transfer model.
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2. Experimental apparatus and procedure

A schematic of the test section and symbols are

shown in Fig. 1(a). The test section of height B ¼ 30
mm, width W ¼ 250 mm and length L ¼ 250 mm was

made of acrylic resin. Circular blocks of diameter d ¼ 40
mm and height H ¼ 18 mm were made of aluminium

and positioned along the lower wall in an in-line

arrangement. Both pitches of the blocks, P1 and P2, were
individually varied from 50 to 80 mm. The number of

linesM was varied from 5 to 3 and rows N varied from 5
to 2. Flow around the blocks was visualized by an oil-

flow method at Um ¼ 10 m/s. The upper wall of the test
section has many pressure taps of 0.6 mm in diameter in

the flow direction at 10 mm interval and movable in the

span direction. Pressure distribution on the upper wall

was measured using an inclined manometer at Um ¼ 10
m/s. From the results of Matsushima et al. [5], the

pressure drop is proportional to U 2
m, and therefore the

pressure loss coefficient is independent of Reynolds

number [6]. As shown in Fig. 1(b), the heat transfer

model was made of copper block containing a heater,

with six copper-constant thermocouples of 0.1 mm in

diameter embedded in the surface. Four thermocouples

were located on the side surface and two on the top

surface. The heat transfer model was set up along the

centerline of the test section, and the other blocks of the

array were unheated. To clarify the effect of Reynolds

number on Nusselt number, mean velocity Um was set

over a range from 2 to 10 m/s. The difference between

the maximum and minimum temperatures of the six
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thermocouples in copper block of ith row was less than
1 �C. Mean surface temperature for ith row block was
defined to be hwi. The average heat transfer coefficient of
the block was obtained by hmi ¼ q=ðhwi � h0Þ. Heat loss
to the lower wall was about 1% of total heat flux.
3. Pressure drop

3.1. Flow around array of blocks

Fig. 2(a)–(c) show examples of surface oil-flow pat-

terns on the blocks and base plate. In the case of

M ¼ N ¼ 3, that is P1=d ¼ P2=d ¼ 2, horseshoe vortices
are formed on the base plate around the blocks and a

white crescent-shaped pattern appears on the first row of

blocks, indicates the existence of a leading edge sepa-

ration bubble. Large horseshoe vortices are formed on

the base plate around the second row of blocks, but the
Fig. 2. Surface oil-flow patterns: d ¼ 40 mm, H ¼ 18 mm,
Um ¼ 10 m/s. (a) P1=d ¼ P2=d ¼ 2:0; (b) P1=d ¼ P2=d ¼ 1:5; (c)
P1=d ¼ P2=d ¼ 1:25.
crescent-shaped pattern disappears by the second row of

blocks. Oil-flow patterns around the third row of blocks

are similar to the second row of blocks. The separation

point on the side surface of the block goes downstream

near the top surface. In the case of M ¼ N ¼ 4, that is
P1=d ¼ P2=d ¼ 1:5, imperfect horseshoe vortices are

formed ahead of individual blocks from first to last row.

For the case of M ¼ N ¼ 5, that is P1=d ¼ P2=d ¼ 1:25,
imperfect horseshoe vortices are also formed ahead of

individual blocks, with that of the second row larger

than any of the other rows. This fact indicates that the

heat transfer coefficient of the second row is higher than
Fig. 3. Pressure distributions: (a) effect of tap position; (b) ef-

fect of pitch P1; (c) effect of number N .



Fig. 4. Division of pressure drop.
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the first row. Moreover, downwash [7] from the top face

to downstream of the side faces of the circular blocks is

not observed.

3.2. Pressure distribution and pressure loss coefficient

The effect of pitch P1 on the pressure distribution on
the upper wall is shown in Fig. 3(a)–(c). Pressure coef-

ficient at inlet of the first row of blocks decreases sud-

denly by vena contracta, with the pressure drop

becoming remarkably large as P1 decreases. Pressure
coefficient decreases gradually along the downstream

blocks, and then recovers at the outlet of the blocks.

Formulation of the pressure loss coefficient f is at-
tempted in the same manner as in a previous report [6].
Fig. 5. Pressure drop at inlet: (a) Cp1 v
As shown in Fig. 4, the pressure loss coefficient is

divided into three localized pressure coefficients, at the
s N ; (b) Cp1 vs d; (c) Cp1 vs P2=d.



T. Igarashi et al. / International Journal of Heat and Mass Transfer 47 (2004) 4547–4557 4551
inlet of the first block, Cp1, between first and last blocks,
Cp2, and downstream of the last block, Cp3.
f ¼ ðpupst � pdnstÞ=0:5qU 2
m

¼ ½ðpupst � p1Þ þ ðp1 � p2Þ þ ðp2 � pdustÞ�=0:5qU 2
m ð1Þ

f ¼ Cp1 þ Cp2 � Cp3 ð2Þ
The above three coefficients are represented using the

following dimensionless dominant factors.

Cp1;Cp2;Cp3 ¼ f ðH=d;H=B;W =d; P1=d; P2=d;M ;NÞ
ð3:1Þ
The opening ratio b ¼ 1� ðHd=BW ÞM and the domi-

nant factor d ¼ ð1� bÞ=b2 obtained in the hydraulic
losses of flow control devices are introduced [8,9]. Eq.

(3.1) can be rewritten as

Cp1;Cp2;Cp3 ¼ f ðd; P1=d; P2=d;NÞ ð3:2Þ
Fig. 6. Pressure rise at outlet: (a) Cp3 v
3.3. Formulation of pressure drop coefficient

3.3.1. Pressure drop at inlet

The effects of N , d and P2=d on Cp1 are shown in
Fig. 5(a)–(c). The effect of N is neglected and factor d is
expressed as Cp1 / d0:76. The value of Cp1 decreases
slightly with an increase in P2=d and can be expressed
by Cp1 / ðP2=dÞ�0:23, leading to the following equation:

Cp1 ¼ 2:86d0:76ðP2=dÞ�0:23 ð4Þ
3.3.2. Pressure increase at outlet

Fig. 6(a)–(c) show the effects of N , d and P2=d on the
pressure rise coefficient at the outlet, Cp3. The effect of N
on Cp3 cannot be disregarded and is given by Cp3 /
ðN � 1Þ0:09, and the effects of d and P2 are given by
Cp3 / d0:47 and Cp3 / ðP2=dÞ�0:18. The constant value
defined by Cp3=fd0:47½ðN � 1Þ=ðP2=dÞ2�0:09g averaged

over all data is nearly 1.13, leading to the following

equation:

Cp3 ¼ 1:13d0:47½ðN � 1Þ=ðP2=dÞ2�0:09 ð5Þ
s N ; (b) Cp3 vs d; (c) Cp3 vs P2=d.



4552 T. Igarashi et al. / International Journal of Heat and Mass Transfer 47 (2004) 4547–4557
3.3.3. Pressure drop between inlet and outlet

The effects of N , d and P2=d on the pressure drop
coefficient between inlet and outlet parts, Cp2 are shown
in Fig. 7(a) and (b). By expressing the effects of N and

P2=d by the function ½ðN � 1ÞðP2=d � 1Þ�, the correlation
Cp2 / ½ðN � 1ÞðP2=d � 1Þ�0:47 is obtained. The effect of d
is Cp2 / d0:86. By neglecting the effect of P1=d on Cp2, the
constant value defined by Cp2=fd0:86½ðN � 1Þ�
ðP2=d � 1Þ�0:47g averaged over all data is 1.40, leading to
the following equation:

Cp2 ¼ 1:40d0:86½ðN � 1Þ=ðP2=d � 1Þ�0:47 ð6Þ
3.4. Estimation equation for pressure drop coefficients

Pressure drop coefficients and pressure rise coefficient

of the three sections are given by Eqs. (4)–(6). Individual
Fig. 7. Pressure drop between inlet and outlet: (a) Cp2 vs
ðN � 1ÞðP2=d � 1Þ; (b) Cp2=fðN � 1ÞðP2=d � 1Þg vs d.
estimated values obtained by the above equations agree

well with experimental values within ±10%, as shown in

Fig. 8(a)–(c). Thus, the estimated pressure loss coeffi-

cient of the array of blocks, fest, can be obtained by
substituting Eqs. (4)–(6) into Eq. (2). As shown in Fig. 9,

estimated values, fest agree well with the experimental
values, fexp, within ±10%.
4. Heat transfer characteristics

4.1. Average heat transfer of arrays of circular blocks

The average heat transfer of a single circular block

and that of an array of in-line blocks for the cases

M ¼ N ¼ 3, P1=d ¼ P2=d ¼ 2:0 and M ¼ 3, N ¼ 5,
P1=d ¼ 2:0, P2=d ¼ 1:25 are shown in Fig. 10(a) and (b),
respectively. The average Nusselt number of single block

is given by

Num ¼ 0:13Re0:75 ðsingle blockÞ ð7Þ

where, Num ¼ hmd=k, Re ¼ Umd=m. The two broken lines
in Fig. 10(a) correspond to those of a single circular

block having d ¼ 80 mm and H ¼ 28 mm in laminar and
turbulent boundary layers [5].

NumL ¼ 0:38Re0:62 ðdL=H ¼ 0:06 � 0:13Þ ð8:1Þ

NumT ¼ 0:42Re0:62 ðdT=H ¼ 0:52 � 1:52Þ ð8:2Þ

where dL and dT are the thicknesses of laminar and
turbulent boundary layers. The Nusselt number of the

present experiment is slightly higher than that in a tur-

bulent boundary layer. For the case of M ¼ 3, N ¼ 3–5,
the Nusselt number of ith row block, Numi, can be

approximately expressed by

Numi ¼ 0:15Re0:75

ðP1=d ¼ 2:0; P2=d ¼ 2:0 � 1:25; i ¼ 1–5Þ ð9Þ

Fig. 11(a) and (b) show examples of M ¼ 4, P1=d ¼
P2=d ¼ 1:50 for N ¼ 3 and 5, respectively. The Nusselt
number of the first row of blocks is 15% lower than

downstream. At the downstream blocks, there are no

significant differences in number of rows N . These
Nusselt numbers of ith row block can be given

approximately by
Num1 ¼ 0:16Re0:75 ðP1=d ¼ P2=d ¼ 1:5; N ¼ 3–5Þ
ð10:1Þ

Numi ¼ 0:18Re0:75

ðP1=d ¼ P2=d ¼ 1:5; N ¼ 3–5; i ¼ 2–5Þ ð10:2Þ



Fig. 8. Empirical values vs experimental values: (a) Cp1; (b) Cp2; (c) Cp3.
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Fig. 11(c) and (d) show examples of M ¼ 5, P1=d ¼
P2=d ¼ 1:25 for N ¼ 3 and 5, respectively. For N ¼ 3,
there is no difference between the Nusselt number of the

first row of blocks and those of downstream blocks. For

N ¼ 5, these Nusselt numbers are lower than for N ¼ 3,
and values at downstream blocks are slightly higher than
Fig. 9. Pressure loss coefficient f.
at upstream blocks. Nusselt numbers of the ith row
block can be approximately be given by

Numi ¼ ð0:16 � 0:19ÞRe0:75

ðP1=d ¼ P2=d ¼ 1:25; N ¼ 3–5; i ¼ 1–5Þ ð11Þ

In all cases of block arrangement, Nusselt numbers

of individual blocks are proportional to Re0:75, and in-
crease with increasing M , that is, pitch P1=d. This is
caused by an increase in flow velocity around the blocks

due to the high blockage effect on the flow path. For-

mulation of the Nusselt number considering the block-

age effect is attempted. Introducing the opening ratio b,
the modified Reynolds number is defined by Re
 ¼ Re=b.
For the cases of M ¼ N ¼ 3; 4 and 5, the Nusselt num-
bers are rearranged by Re
, and are shown in Fig. 12.
For single and ith row blocks in array, all experimental
data is approximately expressed within ±10% as follows:

Numi ¼ 0:118ðRe0:75Þ ði ¼ 1–5; b ¼ 0:52–0:90Þ ð12Þ
4.2. Correlation between heat transfer and pressure loss

Fan (pumping) power, Pw, is an important factor in
performance assessment, and is defined as



Fig. 11. Mean Nusselt number (M ¼ 4; 5): (a) M ¼ 4;N ¼ 3; P1=d ¼ P2=d ¼ 1:5; (b) M ¼ 4;N ¼ 5; P1=d ¼ P2=d ¼ 1:5; (c) M ¼ 5;N ¼
3; P1=d ¼ P2=d ¼ 1:25; (d) M ¼ N ¼ 5; P1=d ¼ P2=d ¼ 1=25.

Fig. 10. Mean Nusselt number (M ¼ 3): (a) M ¼ N ¼ 3; P1=d ¼ P2=d ¼ 2:0; (b) M ¼ 3 ¼ N ¼ 5; P1=d ¼ 2:0; P2=d ¼ 1:25.
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Pw ¼ Dp � Q ¼ Dp � BW � Um ½W� ð13Þ

where BW � Um is the flow rate Q, and Dp is the pressure
drop, (pupst � pdnst), between the inlet and outlet of the
array of blocks. Dp can be measured, or calculated from
the following equation:

Dp ¼ f0:5qU 2
m ð14Þ



Fig. 14. Average Nusselt number vs fan power: (a) first row; (b)

second to fifth rows.

Fig. 12. Mean Nusselt number arranged by modified Reynolds

number.
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Total heat flow rate Nutotal of arrays of in-line blocks is
given by the sum of Numi

Nutotal ¼ M
XN

i¼1
Numi ð15Þ

Average Nusselt number per block, Nuave, is given by
Nutotal=MN . The correlation between fan power Pw and
total Nusselt number Nutotal is shown in Fig. 13 for cases
of M ¼ 3; 4; 5 and N ¼ 3; 4; 5. Fan power Pw is propor-
tional to the number of blocks and total Nusselt number

is also proportional to P 1=4w . Average Nusselt number per

block Nuave is related to fan power as follows:

Nuave ¼ Nutotal=MN ¼ 185P 1=4w ½W� ð16Þ

This equation agrees well with experimental values to

within ±5%. From Eqs. (13) and (14), fan power Pw is
proportional to U 3

m, and the dependency of mean
Fig. 13. Total Nusselt number vs fan power.
velocity Um on Nusselt number is Nuave / U 3=4
m , resulting

in the dependency of Reynolds number on the Nusselt

number to be Nuave / Re3=4. This exponent 0.75 coincide
with those of Eqs. (9)–(11) in the previous section. From

Eq. (16), high density arrays exhibit good heat transfer

performance in the range of the present opening ratio of

b ¼ 0:52–0:72. From the facts described above, the total
Nusselt number Nutotal and average Nusselt number
Nuave can be concluded to have been obtained from
experimental conditions. That is, the fan power Pw in
Eq. (16) is obtained from Eqs. (13) and (14), and the

pressure loss coefficient, f, is obtained from Eqs. (4)–(6).
In the previous section, the Nusselt number of the first

row is lower than the downstream rows. The correlation

between average Nusselt number Nuave of ith row of

blocks in the array and fan power of the array is shown

in Fig. 14(a) and (b), giving the following correlation

equations:

Nu1 ¼ 170P 0:25w ði ¼ 1Þ ð17:1Þ

Nuave ¼ 190P 0:25w ði ¼ 2–5Þ ð17:2Þ

In Eqs. (16), (17.1) and (17.2), the left side Nusselt

number Nu is non-dimensional, but the right side term
Pw is power (units of Watts).

4.3. Dimensionless correlation equation

As the dimensions on the left and right sides of Eqs.

(17.1) and (17.2) are not equal, an attempt to obtain
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dimensionless correlation equations from dimensional

analysis is made. Physical quantities concerning the heat

transfer phenomena are:

hm ¼ f ðUm; d;H ; P1; P2;B;W ; l; q;Cp; kÞ ð18Þ

where l, q, Cp and k are physical properties of the fluid
and the parameters H , P1, P2, B and W are included in

the pressure difference Dp, and are thus replaced by Dp
to give

hm ¼ f ðUm; d;Dp; l; q;Cp; kÞ ð19Þ

Dimensional analysis leads us to the next correlation.

hmd=k ¼ f ½Dp=qU 2
m;Umd=ðl=qÞ; lCp=kÞ ð20Þ

The above four dimensionless groups are Num; f;Re and
Prandtl number Pr, respectively.

Num ¼ f ðf;Re; PrÞ ð21Þ
Fig. 15. Dimensionless expression: (a) first row; (b) second to

fifth rows.
In this case, the Prandtl number of air is nearly constant,

leading to the following equation:

Num ¼ f ðf;ReÞ ¼ CfmRen ð22Þ

Eq. (16) and Eqs. (13), (14) are used to determine the

exponents of the above equation, m ¼ 0:25 and n ¼ 0:75.
Then Eq. (22) can be rearranged to give:

Num ¼ Cðf1=3ReÞ0:75 ð23Þ

The above correlations for all experimental data are

shown in Fig. 15(a) and (b). Average Nusselt numbers of

first row and second to fifth rows of blocks are given by

the following dimensionless expressions:

Nu1 ¼ 0:122ðf1=3ReÞ0:75 ði ¼ 1Þ ð24Þ

Nu1 ¼ 0:134ðf1=3ReÞ0:75 ði ¼ 2–5Þ ð25Þ

The above equations agree well with experimental data

to within ±5%. Moreover, errors in the Nusselt number

of the ith row Numiði ¼ 2–5Þ and average Nusselt num-
ber of row Nuave are ðNumi � NuaveÞ=Nuave < �0:02 for all
experimental data.
5. Conclusions

The results lead to the following conclusions:

(1) Total pressure loss coefficient f, can be expressed as
the sum of pressure drop coefficients at the inlet and

intermediate sections of the array, Cp1, Cp2 and the
pressure rise at the outlet of the array Cp3:

f ¼ Cp1 þ Cp2 � Cp3

Individual coefficients are given as follows:

Cp1 ¼ 2:86d0:76ðP2=dÞ�0:23;
Cp2 ¼ 1:40d0:86½ðN � 1ÞðP2=d � 1Þ�0:47;
Cp3 ¼ 1:13d0:47½ðN � 1ÞðP2=dÞ2�0:09

(2) Average heat transfer of the first row is lower by

about 10% than those of the second to fifth rows.

As M increases, heat transfer increases due to the

blockage effect.

(3) Average heat transfer of ith row of blocks can be ex-
pressed by the following equation using the opening

ratio b.

Numi ¼ 0:118ðRe=bÞ0:75 ði ¼ 1–5; b ¼ 0:52–0:90Þ

(4) The correlation between average Nusselt number

and fan (pumping) power is given by

Nu1 ¼ 170ðPwÞ0:25 ðPw : ½W�Þ;

Nuave ¼ 190ðPwÞ0:25 ði ¼ 2–5Þ
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(5) Introducing the pressure loss coefficient, f, the above
equations can be rewritten as dimensionless expres-

sions:

Nu1 ¼ 0:122ðf1=3ReÞ0:75;

Nuave ¼ 0:134ðf1=3ReÞ0:75 ði ¼ 2–5Þ

(6) In the range of the present blockage ratio, a high-

density array successfully produces good heat trans-

fer performance.
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