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Abstract

The objective of the present study was to investigate the effect of the aspect ratio of rectangular channels on the
cooling characteristics of paraffin slurry flow with a linear array of discrete heat sources. Four key experimental
parameters were the aspect ratio of the rectangular channel, the mass fraction of paraffin slurry, the heat flux of
simulated VLSI chips, and the channel Reynolds number. The influence of the aspect ratio of the rectangular
channel on the local heat transfer coefficients for both water and paraffin slurry at a heat flux of 40 W cm™2 was
greater than at a low heat flux. The paraffin slurry with a mass fraction of 5% showed the most efficient cooling
performance in a rectangular channel with an aspect ratio of 0.20 regardless of the heat flux and the channel
Reynolds number. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Convective heat transfer in ducts is encountered in a
wide variety of engineering situations. In particular,
the heat transfer behavior of turbulent flow through
rectangular ducts is of special interest because of the
application for the thermal management of computer
and compact heat exchangers. For the thermal man-
agement of electronics, the power dissipation per chip
has increased dramatically in recent years [1,2]. It has
provided thermal engineers with the challenges of
managing the increased thermal budget in order to
maintain the chip at a safe operating temperature. For
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high-heat-flux applications, the effective liquid cooling
method must be used that can keep the surface tem-
perature of the chips with a high heat flux within a cer-
tain temperature limit. The application of a phase
change material (PCM) slurry as an active liquid cool-
ing method is attractive for the thermal management
of high power electronics. The potential benefits of
using PCM slurry in the thermal control of electronic
systems are the enhanced heat absorption due to the
phase change process and the conductivity enhance-
ment induced by the motion of the particles [3-7].

In a PCM slurry flow applied to electronics, discrete
heat sources are embedded at one wall of a rectangular
channel, whereas coolants in the channel remove the
heat generated by the heat sources. For a single phase
flow, numerous theoretical and experimental results
have been reported for laminar and turbulent flows in
a continuously heated channel [8§—14], and there have
been a few data on the forced-convection heat transfer
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Nomenclature

A surface area (m?)

Dy hydraulic diameter (m)

EF  enhancement factor, Eq. (6)

f Fanning friction factor, (AP-Dy)/2-p-L-
U?)

H channel height (mm)

h heat transfer confficient (W m™2 K™")

L length in the axial direction (m)

L,  chip length (m)

AP  pressure drop (Pa)

¢ heat flux, V?/(R-A,) (W cm™?)

R resistance (Q)

Rep, Reynolds number, (p; - U - Dy)/us

T temperature (°C)

U average velocity (m s~

V voltage (V)
W channel width (mm)
X mass fraction of paraffin slurry (%)

Greek symbols

o* aspect ratio of rectangular channel, H/W
I viscosity (N's m™2)

p  density (kg m~3)

Subscripts

f working fluid
p paraffin

S chip

w water

+ dimensionless.

from discrete heat sources attached to one wall of a
channel [15-17]. However, very few data were reported
on the heat transfer characteristics of the PCM slurry
flow in the rectangular duct with discrete heat sources.
In addition, the influence of the geometric parameters
of a rectangular channel on the cooling performance
of PCM slurry flow must be studied. In particular, the
aspect ratio of a rectangular duct is one of the most
important parameters because the heat transfer charac-
teristics in the rectangular channel critically depend on
the aspect ratio. However, to the authors’ knowledge,
no data have been reported on the effect of the aspect
ratio on the cooling performance under the fully devel-
oped turbulent flow condition. This problem is perti-
nent to the design of cooling channels of electronic
systems. Consequently, the practicing engineer has lim-
ited information on the design criteria of such systems.

Therefore, the objective of the present study was to
investigate the effect of the aspect ratio of rectangular
channels on the cooling characteristics of a PCM
slurry flow with a linear array of discrete square heat
sources with high heat flux, an important design issue
which affects the overall performance of a multichip
module, cooled by the PCM slurry flow.

2. Experimental apparatus and procedure

The present experimental apparatus consisted of a
main test section, a power supply, a plate-type heat
exchanger, a constant temperature bath, a pump, a
mass flow meter, and a data acquisition system. The
test section consisted of a rectangular channel and a
multichip module (MCM) as shown in Fig. 1. The
multichip module had an in-line 6 x 1 array of discrete

heat sources simulating VLSI chips. The module was
flush-mounted on the top wall of a horizontal acrylic
rectangular channel and located at a downstream lo-
cation 50 times of the channel hydraulic diameter from
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Fig. 1. Details of the present test section.
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the inlet of the test section so that the flow in the main
test section was hydrodynamically fully developed.

More detailed descriptions on the present test sec-
tion were given at the previous study [7]. The rectangu-
lar channels that have four different aspect ratios were
used.

Present experiments were performed with water and
paraffin slurry. A commercial grade paraffin (C,,Hye)
was used. In order to make fine paraffin particles, an
emulsifier was used. The process of making fine paraf-
fin slurry was presented elsewhere [7].

Four key experimental parameters were the aspect
ratio of the rectangular channel, the mass fraction of
the paraffin slurry, heat flux, and the channel Reynolds
number. The aspect ratios of the channel were 0.10,
0.20, 0.33, and 0.50; the mass fraction of the paraffin
slurry varied from 0 (water) to 10%; the heat flux var-
ied from 10 to 40 W c¢cm™2; and the channel Reynolds
number ranged from 3000 to 15,000. The hydraulic di-
ameters of four rectangular channels were 0.69, 1.27,
1.90, and 2.54 cm. The aspect ratio of the rectangular
channel varied by changing the channel height, and the
heat flux was obtained by dividing the heat supplied to
each chip by the chip area. The channel Reynolds
number was calculated by using the hydraulic diameter
of the rectangular channel. The inlet temperature of
the test section was set to 15°C for all runs.

A conduction analysis was performed on both the
heat source and the acrylic substrate using the thermal
conductivity values for copper block (386 W m™!
K™Y, acrylic (0.2 W m~! K™"), thermal silicon (1.6 W
m~! K1), and insulation material (0.02 W m~! K1)
The heat loss from the heater to the surroundings
ranged from 2.3 to 3.8% in the whole experimental
range and was compensated in the calculation of heat
flux on the heater.

Local heat transfer coefficients were calculated by
dividing the heat flux supplied to each chip by the tem-
perature difference between the surface temperature of
the chip and the fluid temperature just below the chip
as shown in the following equation:

"

_ q
h= (Ts_ Tf) (l)

The determination of a bulk temperature in the rec-
tangular channel required temperature and velocity
profiles in 2-dimensional directions. This made it diffi-
cult to determine the bulk temperature. Thus, the con-
vective heat transfer coefficients were obtained by
using fluid temperature just below a heat sink instead
of the bulk temperature. The heat flux was obtained
by using the supplied voltage and the resistance of the
heater. The error analysis showed that the error range
of the heat flux was +1.93%, whereas that in the local
heat transfer coefficient calculation was +3.7%.

The size of a paraffin slurry was controlled by the
amount of an emulsifier. When the concentration of
the emulsifier relative to each mass fraction of the par-
affin was 3.3%, the size of the paraffin slurry particles
ranged from 10 to 40 pum [7].

The density of the paraffin slurry was obtained by
the following equation [18]:

1 x/100 ! —x/100
e Py P

@

which can be used for the slurries of very fine, mono-
size, spherical particles.

The relationship between the viscosity and concen-
tration of the suspension of paraffin slurry with the
error range of +5% was proposed by Shook [18]:

He P X
Moy yast X
w5, 100
pr X \? P X
10.05( 285 "10.002 16.620 %
+ 005<pp 100) +0.00273 exp< 667" 100)

(©)

3. Results and discussion

Fig. 2 shows the apparent Fanning friction factor
obtained from the present test section as a function of
the channel Reynolds number. The modified Blasius
equation introduced by Jones [19] for rectangular
ducts can be described as:

f=0.079(Rep, ) % )

where the Kozicki Reynolds number, Re}, , is defined
as:

Re}, = a(pUDy/p) ®)

Note that the value of a in Eq. (5) is constant,
which depends on the aspect ratio of a rectangular
channel, as given in Table 1.

Measured friction factors for water and the 5% par-
affin slurry increased as the aspect ratio of a rectangu-
lar channel decreased due to the difference in the mean
velocity. The friction factors for water gave good
agreement with the values predicted by the modified

Table 1
Values of a in Eq. (5)

o* 1 0.75 0.50 0.23 0

a 1.125 1.106 1.029 0.878 0.667
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Fig. 2. Fanning friction factors for water and 5% paraffin slurry.

Blasius equation within +7%. Pressure drop data for
the 5% paraffin slurry were larger than those for
water, whereas the apparent Fanning friction factors
for the 5% paraffin slurry were smaller than those for
water for all the three cases of aspect ratio. The reason
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Fig. 3. Local heat transfer coefficients with respect to row
number (Rep, =15,000).

is that the average velocity for the paraffin slurry
increased as the mass fraction of the paraffin slurry
increased at the same Reynolds number since the kin-
ematic viscosity of the paraffin slurry was greater than
that of water.

Local heat transfer coefficients were obtained by
using the chip surface temperature and fluid tempera-
ture. Fig. 3 shows local heat transfer coefficients with
respect to the row number for a channel Reynolds
number of 15,000 and two different heat fluxes of 10
and 40 W cm™>2 The local heat transfer coefficients
reached a uniform value approximatsely after the
fourth row (located at a distance seven times of the
chip length) regardless of coolants and aspect ratios.
This means that the thermally fully developed con-
dition was reached after the fourth row. Garimella and
Eibeck [20] also observed the attainment of fully devel-
oped conditions after the fourth row. The local heat
transfer coefficients for the paraffin slurry with a mass
fraction of 5% were larger than those for water. The
reason for the heat transfer enhancements was due to
both the particle migration and subsequent collision
against the wall in turbulent flows and the latent heat
of the PCM. Transverse migration of particles adjacent
to a surface can aid in both disrupting the laminar
sublayer and increasing the heat transfer coefficient.
The latent heat of the PCM, which can be viewed as a
form of specific heat, increases the heat transfer coeffi-
cient because the heat transfer coefficient increases as
the one-third power of the specific heat for the turbu-
lent flows. The local heat transfer coefficients for a rec-
tangular channel with an aspect ratio of 0.10 were
larger than those for the rectangular channels with
aspect ratios of 0.20 and 0.50. The reason is that the
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average flow velocity for a rectangular channel with an
aspect ratio of 0.10 was the largest among the channels
of three different aspect ratios at the same Reynolds
number due to the smallest hydraulic diameter. The
differences of the local heat transfer coefficients
between the paraffin slurry with a mass fraction of 5%
and water increased as the aspect ratio of the rectangu-
lar channel decreased. Especially, at a high heat flux of
40 W cm™2, the influence of the aspect ratio of the rec-
tangular channel on the local heat transfer coefficients
for both water and the paraffin slurry with a mass
fraction of 5% was greater than those at a low heat
flux.

Fig. 4 shows dimensionless local heat transfer coeffi-
cients (h ") at the sixth row with respect to the mass
fraction of the paraffin slurry for the case of a Rey-
nolds number of 15,000. The dimensionless local heat
transfer coefficient is defined as the ratio of the local
heat transfer coefficient for the paraffin slurry to that
for water. As the mass fraction increased from 0 to
10%, the dimensionless local heat transfer coefficients
at heat fluxes of 10 and 40 W cm™2 slowly increased
when the mass fraction increased over 5%. This indi-
cates that the local heat transfer coefficients reached an
asymptotic value beyond a mass fraction of 10% when
the Reynolds number was 15,000 and the heat flux var-
ied from 10 to 40 W cm™2. The dimensionless local

1.0

0.8 g"=10Wcm™ o

0.6
1.8

h+

1.6

1.0

0.8 a' =40 W cm

0.6 - - -
0 2 4 6 8 10 12

x (%)

Fig. 4. Dimensionless local heat transfer coefficients at the
sixth row (Rep, =15,000).

heat transfer coefficients increased as the aspect ratio
of the rectangular channel decreased, but the increas-
ing rate was not linear. This means that there may
exist an optimal aspect ratio of the rectangular channel
based on the heat transfer aspect for the paraffin slurry
flow.

The dimensionless local heat transfer coefficients at
heat fluxes of 10 and 40 W cm ™2 were larger at the
sixth row than those at the first row. This means that
the effect of the latent heat of the paraffin slurry on
the local heat transfer coefficient was larger at the
downstream than that at the upstream. At the sixth
row, the cooling effect by the sensible heat of the par-
affin slurry decreased since the temperature of the
working fluid increased. However, since the fluid tem-
perature reached the melting temperature of the paraf-
fin, the cooling effect by the latent heat increased
downstream of the test section. When the mass frac-
tion of the paraffin slurry was 10%, the dimensionless
heat transfer coefficients at a heat flux of 40 W cm™>
for the rectangular channels with the aspect ratios of
0.50, 0.20, and 0.10 were 1.42, 1.54, and 1.59, respect-
ively.

Fig. 5 shows enhancement factors (EFs) at the sixth
row for three aspect ratios of rectangular channels
obtained by using the local heat transfer coefficient
and the pressure drop at a Reynolds number of
15,000. Note that the EF is defined as:

1.4
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—A | B -
W 08
w4y
1.2
1.0 o
0.8
g" =40 Wcm2
0.6
0 2 4 6 8 10 12
x (%)

Fig. 5. Enhancement factors at the 6th row (Rep, =15,000).
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Fig. 6. Enhancement factors for 5% paraffin slurry with
respect to aspect ratio at four different heat fluxes
(Rep, = 15,000).

h+

EF =
AP+

(6)

where AP* is the ratio of the pressure drop for the
paraffin slurry to that for water. For heat fluxes of 10
and 40 W cm 2, the EFs for the paraffin slurry with a
mass fraction of 5% showed the largest value regard-
less of an aspect ratio of rectangular channel. More-
over, the EF for a rectangular channel with an aspect
ratio of 0.20 showed the largest value among three
aspect ratios. The EFs for the rectangular channels
with aspect ratios of 0.50, 0.20, and 0.10 were 1.14,
1.19, and 1.10 at a heat flux of 10 W cm™2, and were

1.3
Regn [4000 [ 7000 [10000]15000]
1.25 | ° ‘ A | ] I - l
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15 /\
11 /\
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Fig. 7. Enhancement factors for 5% paraffin slurry with
respect to aspect ratio at four different Reynolds numbers.

1.23, 1.27, and 1.22 at a heat flux of 40 W cm™2, re-
spectively, for a mass fraction of the paraffin slurry of
5%. The values of EF for the rectangular channel with
an aspect ratio of 0.10 were the smallest among three
aspect ratios due to the largest pressure drop.

Fig. 6 shows EFs for the 5% paraffin slurry as a
function of the aspect ratio at four different heat
fluxes. In order to obtain the reasonable data trend,
the data for a rectangular channel with an aspect ratio
of 0.33 were added. The EFs increased as the heat flux
increased. The effect of latent heat of the paraffin
slurry became great as the heat flux increased because
the melting rate of the paraffin particles on the heating
surfaces increased, while the pressure drop at each
aspect ratio was slightly affected by the heat flux. The
EFs for the rectangular channel with an aspect ratio of
0.20 showed the largest values among four aspect
ratios, regardless of the heat flux.

Fig. 7 shows EFs for a 5% paraffin slurry with
respect to aspect ratio at four different Reynolds num-
bers. The EFs increased as the channel Reynolds num-
ber increased, but the increasing rate became small as
the channel Reynolds number increased, especially at a
heat flux of 10 W cm™2 The reason is that at low heat
flux, the increasing rate of the pressure drop was larger
than that of the heat transfer coefficient as the channel
Reynolds number increased. At a high heat flux such
as 30 W cm™2, the increasing rate of the heat transfer
coefficient was comparable to that of the pressure drop
as the channel Reynolds number increased.

In summary, the paraffin slurry with a mass fraction
of 5% for the rectangular channel with an aspect ratio
of 0.20 showed the most efficient cooling performance
when the heat transfer and pressure drop in the test
section were considered simultaneously, regardless of
the heat flux and the channel Reynolds number.

4. Conclusions

A brief summary of the present study is given
below.

1. Fanning friction factors for a paraffin slurry in rec-
tangular channels were smaller than those for water.

2. Local heat transfer coefficients for the paraffin
slurry were larger than those for water due to the
disruption of laminar sublayer by paraffin particles,
the direct heat transfer due to particle-wall impact,
and the role of the latent heat of the paraffin.

3. The influence of the aspect ratio of the rectangular
channel on the local heat transfer coefficients for
both water and the paraffin slurry at a high heat
flux of 40 W cm™2 was greater than that at a low
heat flux.

4. The paraffin slurry with a mass fraction of 5% for
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the rectangular channel with an aspect ratio of 0.20
showed the most efficient cooling performance
regardless of the heat flux and the channel Reynolds
number.
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