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ABSTRACT

Pressure drop and heat transfer of arrays of in-line circular blocks on the wall of parallel

channel were measured. The diameter and height of the block were 40 mm and 18 mm, respectively. The pitches
of the block were varied. The effects of the number of line and row and the other factors on the pressure loss and
heat transfer were clarified. The coefficient of loss € can be formulated and the recommended equation agrees
with the experimental data within £ 10 %. The average heat transfer coefficient of the block of 1st row is lower
than that of 2nd row. Those of 1st to 5th rows are nearly equal and can be approximately expressed by the
following equation: Num = 0.118 (Re/B) * "° , where B is the opening ratio.
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1. INTRODUCTION

According to the air cooling design of electronic
equipment [1], the pressure drop and heat transfer
performance of the equipment are important factors. In the
previous papers [2, 3], the matter are not reached. The
authors [4] carried out experimental studies on the pressure
loss of arrays of in-line square blocks having practical size
on the wall of parallel channel. The height of block,
number of lines and rows, and pitches of the block were
systematically varied. The pressure drop coefficient is
given by the sum of the pressure drop of three regions: the
inlet, intermediate and outlet ports.

In the present study, the pressure loss and the average
heat transfer of arrays of in-line circular blocks on the wall
of parallel channel were measured for various
arrangements. The pressure loss coefficient is formulated
by the same method as the previous paper [4]. And the
average Nusselt numbers of the blocks are given by the
general equations. Those recommended equations agree
with the experimental data within + 10 %. Finally, the
average Nusselt number is correlated to the pressure loss
coefficient and is given by the dimensionless expression.
This fact enables the prediction of the pressure loss of the
arrays of circular blocks.

2. EXPERIMENTAL APPARATUS AND PROCEDURE

The schematic of test section and symbols are shown in
Fig. 1. The test section having height B = 30 mm, wide W
= 250 mm and length L = 250 mm was made of acrylic
resin. The circular blocks having diameter d = 40 mm and
height H = 18 mm are made of aluminium and positioned
along the lower wall in an in-line arrangement. The pitches
of the blocks, P1 and P2, were varied from 50 to 80 mm,
respectively. The number of lines M was varied from 5 to

3 and that of rows N varied from 5 to 2. The flow around
the blocks was visualized by an oil-flow method at Um =
10 m/s. The pressure distribution on the upper wall having
many pressure taps of 0.6 mm in diameter was measured
using by an inclined manometer at Um = 10 m/s. From the
results of Matsushima, et al. [3], the pressure drop is
proportional to Um ° , therefore, the pressure loss
coefficient is independent of Reynolds number [4]. In the
heat transfer measurement, the surface temperature around
the blocks containing a heater was measured with 6 C-C
thermocouples. The temperature difference between the
maximum and the minimum values was less than 1° C.
The mean value of surface temperature was defined to be
Ow. The average heat transfer coefficient of the block was
obtained by hm = g/(Bw—80). To clarify the Reynolds
number effect on the Nusselt number, the mean velocity
Um was set over a range from 2 to 10 m/s.
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Fig. 1 Test section and symbols
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3. PRESSURE DROP 3.2 Pressure distribution and pressure loss coefficient

The effect of pitch P1 on the pressure distribution on
3.1 Flow around array of blocks the upper wall is shown in Fig. 3. The pressure coefficient

Figure 2 shows examples of the surface oil-flow at the inlet of the 1st row block decreases suddenly by a

patterns on the blocks and the base plate. In the case of M vena contracta, and the pressure drop is remarkably large
— N = 3. the horseshoe vortices are formed on the base with a decrease in P1. The pressure coefficient decreases
plate around the blocks. And the white crescent-shaped gradually on the downstream blocks, then the coefficient
pattern appears on the st row block, which indicates the recovers at the outlet of the blocks. We try the formulation
existence of the leading edge separation bubble. The large of the pressure loss coefficient T in the same manner as the
horseshoe vortices are formed on the base plate around the previous report [4]. As shown in Fig. 4, the pressure loss
2nd row block, but the crescent-shaped pattern disappear coefficient is divided into three pressure coefficients at the
on the 2nd row block. The oil-flow patterns around the 3rd inlet part of the Ist block, Cp1, between first and last
row block are similar to those of the upstream blocks. On blocks, Cp2, and at the downstream the last block, Cps.

the contrary, the flow on the side face of the blocks G = (pupst — pdnst) / 0.5pUm 2 €))

separate and the separation point goes downstream as the = [(pupst — p1) + (p1- p2) + (p2 — pdust )] / 0.5pUm *

upper part. In the case of M = N = 4, the imperfect
horseshoe vortices are formed ahead of individual block
from 1st to last row. For the case of M = N = 5, the
imperfect horseshoe vortices are also formed ahead of

C=Cp1+Cp2-Cp3 ()
The above three coefficients are represented using the
following dimensionless dominant factors.

individual block, and that of second row is larger than Cp1, Cp2, Cp3

those of other rows. This fact indicates that the heat = f (H/d, H/B, W/d, P1/d, P2/d, M, N) 3-1)
transfer coefficient of the 2nd row is higher than that of We introduce the opening ratio, f = 1- (Hd/BW)M and the
first row. Moreover, the down-wash [5] can not observed, dominant factor & = (1 - B) /B ° , which was obtained in
which appeared from the top face to downstream region on the hydraulic losses of flow control devices [S, 6]. We
the side face of a circular block in a boundary layer. rewrite Eq. (3-1) as follows:

Cp1, Cp2 , Cp3 = { (8, P1/d, P2/d, N) (3-2)

3.3 Formulation of pressure drop coefficient

3.3.1 Pressure drop at inlet part

The effects of N, & and P2/d on the Cp1 are shown in
Fig. 5. The effect of N can be neglected, and that of § is
expressed by Cp1 o< d ™ °. The value of Cp1 decreases
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slightly with an increase in P2/d and is expressed by Cp1i
o (P2/d) " *" . We lead the following equation:

Cp1=2868""° (Pyd) " ** @

3.3.2 Pressure raise at outlet part

Figure 6 shows the effects of N, & and P2/d on the
pressure raise coefficient at the outlet part Cp3. The effect
of N on Cp3 is given by Cp3 o (N — 1) * °° . Then, the
effects of & and P2 are represented as Cp3 o¢ 8 * " and
Cp3 oc (P2/d) ™" '® | respectively. Next, the constant value
defined by Cp3/6 " "' [(N-1)/(P2/d)*]° *® is averaged
for all data. Finally, we lead the following equation:

Cp3=1138""" [N-1/P2d)* 1" °°" (5)

3.3.3 Pressure drop between inlet and outlet parts

Figure 7 shows the effects of N, § and P2/d on the
pressure drop coefficient between inlet and outlet parts,
Cp2. We express the effects of N and P2/d by the function
[V — 1)/(P2/d - 1)], the correlation obtained is Cp2 o« [(N
- 1)/(P2/d ~1)] " " . The effect of 8 is given by Cp2 oc
8" *® . We neglect the effect of P1/d on Cp2. The constant
value defined by Cp2/8 * °*° [N - 1)/(P2d -1)*]" 7 is
also averaged for all data. We lead the following equation:
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(b) Correlation of Cp1 vs d
Fig. 5 Pressure drop at inlet
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Cp2=1408"°° [N - D)/(P2d -1)] > *" (6)
3.4 Recommended equation for pressure drop coefficients

The pressure drop coefficients and pressure raise
coefficient for three parts are given by Egs. (4) to (6),
respectively. The individual recommended values obtained
by the above equations agree well with the experimental
values within = 10 %. Thus, the recommended value of the
pressure loss coefficient of the array of blocks can be
obtained by substituting Eqgs. (4) to (6) into Eq. (2). As
shown in Fig. 8, the recommended values agrees well with
the experimental values within + 10 %.

4. HEAT TRANSFER CHARACTERISTICS
4.1 Average heat transfer of arrays of circular blocks

The average heat transfer of single circular block and
that of array of in-line blocks for the cases M = N = 3 and
M =3, N =5 are shown in Fig. 9 (a) and (b), respectively.
The average Nusselt number of single block is given by

Num =013 Re” "®  (single block) (7)

where, Num = hmd/\, Re = Umd/v. The two broken lines in
Fig. 9 (a) are correspond to those of single circular block

having 4 = 80 mm and H = 28 mm in a laminar and
turbulent boundary layers [5], respectively.
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Num i =038 Re® °* (8L/H = 0.06 ~ 0.13) (8-1)
Num T =042 Re® °* (8T/H = 0.52 ~ 1.52) (8-2)

where, 8L and 8T are laminar and turbulent boundary layers
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Fig. 9 Mean Nusselt number (M = 3 )

thickness. The Nusselt number of the present experiment is
slightly higher than that in a turbulent boundary layer. For
the case of M = 3, N = 3 ~ 5, the Nusselt number of i-th
row block, Num i , can be approximately expressed by

Numi=015Re” "°
(P1d =P2d =125,i=1~5) ()]

Figures 10 (a) and (b) show examples of the cases of M =
4 and 5, respectively. For the case of M = 4, the Nusselt
number of 1st row block is lower 15 % than those of
downstream blocks. On the downstream blocks, there is no
significant difference in N and i. The Nusselt number of
the i-th row block can be approximately given by

Num1 =016 Re® 7°

(Pyd=P2fd=125,i=1) (10-1)
Num i =018 Re * 7°

(Pyd=P2d =125 i=2~5) (10-2)
Numi=019 Re® 7°

(P1d=P2d =125,i=1~5) (11)

For all arrangement, the Nusselt number of individual
block is proportional to Re * "° . And the Nusselt number
increases with an increase in M. This fact is caused by an
increase in flow velocity around blocks due to the high
blockage effect in the flow path. We try the formulation of
the Nusselt number considering the blockage effect.
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transfer and pressure loss. The pumping power, Pw, is one
of the performance assessment and which is defined by

Pw = 2pBW-Un [Watt] 13)

Introducing the opening ratio f, the modified Reynolds
number is defined by Re* = Re/P. For the cases of M = N
= 3, 4 and 5, the Nusselt numbers are rearranged by Re*,
and are shown in Fig. 11. For single block and i-th row

block in array, all experimental data is approximately

expressed within 10 % as follows:
Numi=0.118 (Re/B) " '° (B = 0.52 ~ 0.72) (12)

4.2 Correlation between heat transfer and pressure loss

Next,

we discuss the correlation between the heat
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Fig. 10 Mean Nusselt number (M =4, 5)

T

T T T

where, BW-Unm is the flow rate and 4 p is the pressure drop
between inlet and outlet of the array of blocks. The 4 p is
a measured value or a calculated value by ¢+ 0.5pUm * .
The sum of Num i is the total heat flow rate Nu roral and the
average Nusselt number per block, Nu ave, is given by

N
Nuave= ¥ Numi/N (14)
i=1

The correlations Pw vs Nu total is shown in Fig. 12. The
pumping power is proportional to the number of blocks and
the total Nusselt number is also proportional to [Pw] " .
From Egs. (13), the pumping power Pw is proportional to
Um* , so the dependency of Reynolds number is coincide
with those of Eqgs. (9) ~ (11). In the range of = 0.52 ~
0.72, a high density array is successful for the heat transfer
performance. The correlation between the average Nusselt
number of i-th row blocks in an array and the pumping
power of the array is shown in Fig. 13. The following
correlation equation is obtained:

Nuave =190 [Pw] " *°  (i=2-N)

15)

4.3 Dimensionless correlation equation

The dimensions of both sides of Eq. (15) are not
equal. Then, we try to obtain the dimensionless correlation
equation from dimensional analysis. The physical quantities
concerning this heat transfer phenomena are as follows:

hm =f (Um d, H, P, P2, B, W, u, p, Cp, ) (16)
where, w, p, Cp and A are physical properties. And the
parameters H, P, P2, B and W are included in the pressure
difference £ p, then these terms are replaced by 4 p.

hm=f(Un d, 2p, u, p, Cp, 1) %))
The dimensional analysis leads us to the next correlation.
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hmd/\ = £ (2 plpUm * , Und/(/p), uCp/h ) (18)
The above four dimensionless groups are Num, T, Re and

Prandtl number Pr, respectively. Prandtl number of air is
nearly constant. Then, the following equation is obtained.

Num =f(C,Re)=CC" Re" 19)
Equations (15) lead to the exponents, m = 0.25, n = 0.75.
Therefore, Eq. (19) is rearranged by

5

Num=C (' " Re)" ™ (20)
The above correlations for all experimental data are shown
in Fig. 14. The average Nusselt numbers of 1st row and
2nd to 5th rows blocks are represented by the following
dimensionless expressions, respectively.

Nuave=0.122(C'""" Re)" " (i=1) (21)
Nuave = 0134 (T'7° Re)” "° (i = 2-N) (22)

The above equations agree well with the experimental data
within £ 5 %.

5. CONCLUSIONS

The results led to the following conclusions:

(1) The pressure loss coefficient T, can be expressed as the
summation of the coefficients of pressure drop at the
inlet part and intermediate part of the array, Cpi, Cp2
and pressure raise at the outlet part of the array Cp3:

T=Cpt +Cp2 -(Cp3
The individual coefficients are formulated as follows:
Cp1=2868""° (Pyd) ™" %%,
Cp2=14008" °° [(W-1)P2/d - 1] "7,
Cp3=1138""" [N - D/IPAd)* 1" °° .
(2) The average heat transfer of single block is slightly
higher than that of block in a turbulent boundary layers.
(3) The average heat transfer of the 1st row is lower about
10 % than those of 2nd to 5th rows. As an increase in
M and N, the heat transfer increases due to the blockage
effect.
(4) The average heat transfer of i-th row block expressed
by the following equation using the opening ratio .
Numi=0.118 (Re/B) " "° (B =052 ~0.72)
(5) The correlation between the average Nusselt number
and the pumping power is given by
Nu ave = 190 (Pw) * *° [ Pw: Watt]
(6) Introducimg the pressure loss coefficient, T, the above
equation is rewrited to dimensionless expression:
Nu1=012@'° Re)" "7,
Nu ave = 0.134 (T'7° Re) ™ 7°
(7) In the range of present blockage ratio, a high density
array is successful for the heat transfer performance.
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