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Cooling Characteristics on the Forced Convection of
an Array of Flat-form Electronic Components in Channel Flow

Kwang Soo Kim*, Won Tae Kim* and Ki Baik Lee**
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Present study is concerned with forced convective heat transfer of the channel flow with line
arrays of heated electronic components mounted on a printed circuit board. For the assessment
of thermal performance in channel flows. three separate variables are used : channel spacing,
row number of the component, and inlet air velocity. The thermal characteristics of a component
due to own power and upstream air heated by components were studied. The experimental
results were compared with those of numerical solution for various conditions : surface tempera-
ture of the components, adiabatic temperature rise, and heat transfer coefficient. The experimen-
tal results agree well with the numerical solutions. The study shows that the adiabatic heat
transfer coefficient is significantly affected by the inlet velocity in channel flow and less
dependent on the channel spacing and row number, except for the case of H/B=3.3. While
reviewing the previous literatures, it is found that a little difference in the correlation between
Nu and Re is due to the different geometric ratio of the packaged components.

Key Words : Adiabatic Heat Transfer Coefficient, Adiabatic Temperature, Electronic Coo-
ling, Electronic Packaging

Nomenclature Toa ;\a(éi;ibatic temperature of component
A : Surface area of heated component (m?) Tin . Inlet temperature of fluid (°C)
B . Component height (m) T . Mixed mean temperature of fluid (°C)
D, . Hydraulic diameter (m) Ts . Surface temperature of heated compo-
H . Channel spacing (m) nent (°C)
Pt . Adiabatic heat transfer coefficient Tw . Temperature far from heated component
(W/m*C) Q)

) . Current across heated component (A) ATs : Surface temperature rise of the heated
k  Thermal conductivity (W/m°C) component (°C)
L . Component length (m) AT . Adiabatic temperature rise of the heated
Nu > Nusselt number component (°C)
Qeong . Heat transfer rate by conduction (W} 1% . Voltage drop across heated component
Qeony - Heat transfer rate by convection (W) (V)
Qraa . Heat transfer rate by radiation (W) Vin . Inlet velocity (m/s)
Re . Reynolds number é : Thermal wake function
S : Component pitch (m) v . Kinetic viscosity (m?/s)
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microchip power and power density. In the elec-
tronic packaging designs of power rated elec-
tronic components on printed circuit boards,
specific consideration was given to the thermal
analysis to achieve high heat dissipation rates.
One of the typical component arrangements is
mounting an array of components on printed
circuit boards which are alternatively stacked.
Since the mid of '80, there have been many
researches for the forced convection on arrayed
heated components (Sparrow et al., 1982; Ortega
and Moffat, 1985).

Moffat and Anderson (1990) described the
characteristics of the heat transfer coefficients
based on temperature (7.) far from the heated
surface, mixed mean temperature of the fluid
(T, and the adiabatic temperature ( 7,,) in line
arrays. Anderson and Moffat (1990, 1992)
obtained the adiabatic heat transfer coefficient
(f104) using superposition kernel functions from
the experiments and theoretical analysis, which
proposed the applicable method in electronics
cooling with non-uniform heat dissipation of
components. Previous experimental work in elec-
tronics cooling has measured the heat transfer
coefficients under the flow rate and channel spac-
ing, which showed that heat transfer coefficients
depends on Reynolds number based on the com-
ponent length {(Lehmann and Pembroke, 1991).
From the extensive experiments conducted by
Copeland (1992), the thermal wake functions
were found to be strongly dependent on velocity
and channel spacing. The reason why these results
were not consistent seemed to be that in experi-
ments different geometry in component height
(B), component length (/), component pitch
(.S) and channel spacing (/) to compute heat
transfer coefficients were applied. Even though
there were reasonable amounts of data in the
literature, each result showed a different correla-
tion which seemed to be moderate to the geometry
studied.

The main object of the present study is to
investigate the adiabatic heat transfer coefficients
and effects of thermal wake, both experimentally
and numerically. Numerical works were carried
out in coupling the adiabatic temperature rise

with heating air coming from the upstream heated
component in line arrays. These results can be
used in thermal designs such as attaching the heat
sink to the heated component or the rearrange-
ment of the component location in the electronic
packaging of the telecommunication system. The
model in computational work can be extended to
obtain a thermal wuke function in a complex
condition of heating and geometry.

In this study, heat transfer characteristics were
obtained in the specified geometric array of 5x 8
on printed circuit board (PCB) based on inlet
velocity, channel spacing and row order. The
following variables were used in the experiments :
channel spacing ratio (}{//3) ranging from 3.3 to
13.3 and Reynolds number based on component
length from 3118 to 8314. In previous studies,
most of the height of heated component relative to
the component length were larger (Bx0.31),
whereas configurations of the components consid-
ered on the PCB were square in flat-form with
B/L=0.09 and 35(L)%x35(W)x3(B) mm,
modified actual memory or microprocessor with 3
mm thickness in a conventional way. In the view
of the general telecommunication system, the
channel spacing ranges from 10 to 40 mm and
intet velocity 1.5~4.0 m/s.

2. Experimental Apparatus and
Procedure

2.1 Experimental apparatus

Figure | shows the experimental model of a
coolant channel formed by PCB. The array of 5x
8 were mounted on a rectangular PCB of epoxy
glass with size of 415x 295 mm, thickness of 1.6
mm and spacing of S=15 mm among compo-
nents. After attaching each flat-form component
to PCB. eight lead wires protruded from the
component were inserted into the PCB and sol-
dered. In PCB, electrical power was independent-
ly connected through the copper pattern for each
row of the heated component. Each component
was heated by a direct current passing through the
thin layer of BeO. A sponge with 10 mm thickness
filled a blank between PCB and an acrylic plate
of 4 mm thickness located at the bottom. PCB
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Experimental model of coolant channel for-
med by printed cirduit board.

Fig. 1

insulated with an acrylic plate was placed in a
wind tunnel. The upper plate made by an acrylic
plate of 4 mm thickness was varied at the distance
of 10 mm from the desired channel spacing.

The special heater of a flat-form type applied
to the heated component was manufactured as
shown in Fig. 2. The heated component was
consisted of a heating element made by BeO
covered with alumina (Al,O;). The heating ele-
ment of 8.9 5.9 x 1.0 mm was inserted into a hole
machined by laser cutting between alumina
plates, and pasted by an epoxy bond.

The power to the heater was supplied by a
variable auto-transformer (type HPS 60100,
input 120V, output 0~60 V and up to 10 A). In
the experiment, the electrical capacity of the
heated component was achieved up to 100 W and
500 by controlling the variable auto-transformer.
Even if the readings of the power have been
recorded after the steady state was reached, a
small fluctuation was observed (+0.05 V for
voltage, +0.01 A for current).

The experimental set-up is schematically
shown in Fig. 3. It is consisted of a wind tunnel,
LDV (Laser Doppler Velocimeter, 2-D, fiber-
optic type), power supply unit, and data acquisi-
tion system. From the wind tunnel, environmental
air was flown into the channel. The size of the test
section was 400400 mm in cross section and
1,000 mm long. Inlet velocity entering the channel
was measured by LDV system at the front side of
the beginning of the channel. At the LDV with

Resistor(Bel)
(8.9%5.9x1.0)

Fig. 2 Schematic of the heated component.
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Fig. 3 Schematic of the experimental apparatus.

RSA-1000 processor, an ATS-600-3 traverse of
600 mm transfer distance was used in three-
dimensional axes. After steady velocity and heat-
ing were obtained, the pressure drop across the
test plate was measured with a micromanometer
(FCOI12, +0.05Pa), where two pressure taps
were located at the first row close to the inlet from
the ceiling of the upper channel and the eighth
row close to the outlet. By controlling adjustable
spacing, the channel distance between PCB and
upper plate was varied.

To measure both surface temperature of the
heated elements and air flows in the channel, the
total 12 thermocouples (T-type, 40 AWG) were
used. & thermocouples were embedded with the
thermal bond (Thermalloy Inc., 4952) at the
center of each top surface of 8 heated components
arrayed in the middle column of PCB. For
measuring the temperature of air entered through



Cooling Characteristics on the Forced Convection of an Array of Flat-form-.- 135

the wind tunnel, one thermocuple was placed at
the inlet of the channel. The other two thermocou-
ples were located for measuring the heat loss
through PCB : one was attached to the top of the
upper side of PCB and the other to the bottom of
the lower side. To measure each temperature, a
data logger of Campbell (CR-7) system was used
with a PC for digitizing the results.

2.2 Experimental procedure

After setting the spacing between test channels
to 10, 20, 30 and 40 mm at each experimental step,
a series of tests for a given inlet air velocity were
performed. The range of air velocity was from I.
5 to 4.0 m/s for each channel spacing. Once a
flow rate in the wind tunnel was stablilized,
various data were recorded. Inlet velocity of the
test channel was finely measured from LDV sys-
tem, which was traversed at several measuring
points with the channel spacing at the inlet as
shown in Fig. 3. The power to the heater was
supplied in stages so that heated component
maintained isothermal temperature rise. To moni-
tor the temperature distributions of heated com-
ponent and PCB, Thermo-Vision
(Agema, TVS-900)
Pressure drop between

System
was specifically applied.
inlet and outlet was
obtained for each test of the channel spacing and
inlet velocity. After reaching a steady state under
given experimental conditions, the surface temper-
ature (7,) of heated component at each row was
measured. The adiabatic temperature (7,,) as
recornmended from Moffat and Anderson (1990)
was measured when its own power was off, but
remainder of the components was “on.” The term
is not strictly accurate in a thermodynamics sense
because there may be still heat transfer to or from
the component by conduction, convection, or
radiation with its surroundings; i. e., the compo-
nent may not be truly adiabatic, but simply
“unpowered.” In spite of that defect in nomencla-
ture, the term had will be used here.

The adiabatic heat transfer coefficient is
defined as
haz ;= ,»‘%—625911”__,,, ( 1 )

where Qcony 15 the heat transfer rate (W) by
convection and is estimated using Eq’n. (2). A is
the surface area of a heated component, 47 is
the surface temperature rise of the heated compo-
nent, and 47, is the adiabatic temperature rise.

chmv =pP- Qcond - Qrad (2)
where 2 was calculated as P=;V, in which ; is
the current and V is the voltage drop across the
heated component. The heat loss from the heated
component through PCB, @y, was estimated
from the measurement of temperatures between
the upper and lower plates of PCB, which were
approximately 6.3 % of the input power. The
radiation losses, ),qq. Were predicted to be within
I % of the input power (Anderson and Moffat,
1990).

The heat transfer coefficient would mainly be a
function of Reynolds number, a dimensionless
channel spacing, and position in the array as
follows :

Nu=f(Re, H/B, r) (3)

In this equation, » is the row number and Nusselt
number Nu is given as

..IZ(Z{{L,

Ny = b “4)

where /> is the thermal conductivity of air, and L

is the component length. Furthermore, the
Reynolds number Re is defined as
Re=Ynk (5)

where p is the kinetic viscosity of the air. All fluid
properties were estimated at the inlet temperature.

There are several ways of choosing the charac-
teristic length in this type of study. Anderson and
Moffat (1990) chose the component height (B)
as ua characteristic length. On the other hand,
Wirtz and Dykshoorn (1984) chose the compo-
nent length ([.), and Copeland (1992) chose the
hydraulic diameter (D),). In the present work
similar 1o the geometry configuration adopted
from Wirtz and Dykshoorn (1984) with a regular
in-line array of flat packs (25.4x25.4x6.35 mm
height), it was noted that the streamwise length of
the heated component [, was chosen as the char-
acteristic length.
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The uncertainty analysis was carried out for
adiabatic heat transfer coefficient and Reynolds
Also the
showed good repeatability during several runs

number. preliminary experiments
under identical conditions. The errors involved in
the calculation of heat transfer coefficient were
generally due to the inaccuracy of the temperature
and power measurements. Even if the readings of
power and temperatures have been recorded after
a steady state was reached, a little fluctuation was
observed (4:0.05 V for voltage, +0.01 A for
current, and +0.2°C for temperature). The
analysis used is the standard single sample uncer-
Kline and
The uncertainty in the

tainty analysis recommended by
McClintock  (1953).
adiabatic heat transfer coefficient ranged from 9.
1% at the smallest value of h to 4.4% at the largest.
Also Reynolds number measured by LDV was
estimated to be less than 3%

3. Numerical Analysis

3.1 Mathematical modeling

The numerical model presented here was set in
two-dimensions, but actual dimension was three
-dimensional as shown in Fig. 1. Since the com-
ponents were densely arranged in rows and col-
which
affected the heat transfer of the side walls, it was

umns, and component height was low,

assumed that the numerical model was two
~dimensional. Also previous works (Dalvath and
1987 ; Choi et al. 1994) had good
results by two-dimensional analysis with this

Bayazitoglu,

model. From the experimental Re_ ranging 3118
~ 8314, standard %-¢ turbulent model was taken.
A conjugate analysis coupling the coolant flow
with heat conduction in heated component and
PCB was simulated.

The governing equations are described below.
The mass conservation equation :

0
- (pag) =0 6
E (pu:) (6)

The momentum conservation equation :

0 ap 02’1
_o. ) S 9P : 7
oy, (i) = = s Al ar, (7

ou; ou,-) 2
= iy Ol . 7
s Gt i) S0

Hers = L1 [ (7b)
The energy conservation equation :
In fluid
Apcpr; T) ( aT > ]
aYJ a Aeff aXJ ( )
bers =k + k. (8a)
o=t (8b)
In solid
ORI
s ( OX,0x; + 0Ch 570 ©)
The transport equation for / and ¢ :
0 0 ok ) -
e (ouik) = m(”ax + G —pe (10)
~_ A ou: | Ju; >8u5 .
G “’“( o, oxs Sox, (10a)
- e
Tr=p+ or (10b)

0 &
7@((}21 &) =- ‘,< >+ Crs i G
—C 62 11
(,2,073 (1)

Re=pt 2 (11a)

The evaluation of turbulent eddy viscosity :

.2

(= ()C,t/‘; (11b)

The empirical constants were, C;=1.44, C,=1.
92, C,=0.09, 5,=1.0, and g.=1.3.

As boundary conditions, inlet velocity was set
to be 6 kinds added gradually with 0.5 m/s inter-
val in the range of 1.5~4.0 m/s. The inlet temper-
ature was set to the ambient temperature of 25°C,
Neumann condition was set for the outlet bound-
ary condition. The upper and lower acrylic plates
of the flow channel were set to an adiabatic
boundary condition. The heat from the resister as
a source term was dissipated in the amount of 8.
57 X 10% W /m3.

3.2 Numerical procedure

The numerical analysis using a generalized
FLUENT computational code (Ver. 4.4.2, 1996)
was performed. The numerical calculations were
made with a grid size of 417 in x-direction, 26
~47 for the channel space of 10~40 mm in y
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~direction, of which maximum grids were totally
given to 15,449. The finer grids were densely
meshed close to the heated component. For fast
motivation in the pressure term and energy equa-
tion, multi-grid correction was employed and
under-relaxation coefficients were set to be 0.5 for
velocity, 1.0 for pressure, and 0.8 for temperature.

It was
until the
ity, and turbulent variables from each iterative

assumed that the computation proceeded
sum of the residuals for pressure, veloc-

calculation was continuously reached less than I.
0 x 1072 and enthalpy residual was less than 1.0x
107%. The computing iterations were taken about
8,500 more or less to run each case.

4. Results and Discussion

Figure 4 shows the numerical results for the
isothermal lines based on Re with the geometric
ratio /B of 6.7 {meaning H=20 mm). In the
figure, the temperature labeled at the bottom of
each heated component 47 means the increase
in top surface temperature in the heated compo-
nent with respect to inlet air temperature. The
surface remperature near the entry evidently was
decreased in all cases as the flow rate was in-
creased and it was gradually increased as the flow

137

goes downward near the exit. This is due to the
effect of air heated from the upstream flow. Since
the heat source for the heated component in the
numerical solution is geometrically modeled as a
power to the heater is supplied to only a resister
located at the center of each component configur-
ed as shown in Fig. 2, the heat generated from the
resister is dissipated to both component and PCB,
in which the temperature difference in each com-
ponent was found to be 2~3°C, These tempera-
ture distributions were coincident with those of
the preliminary test conducted with Thermo-
Vision System.

In Fig. 5. experimental results were compared
with numerical solutions. This figure shows the
surface temperature rise (47,) of the heated
component to row number at }/EB=10.0 for
various Reynolds numbers. Both results obtained
from the experiment and simulation matched well
at high Reynolds number above about 6, 000.
However, it was found that the tomputational
results as Reynolds number decreases were higher
by 2~4°C
stream. It was predicted that the radiation heat

than those of experiment at down-

loss in the experiment was larger for a high tem-
perature component at a low velocity and in
downstream regions than others. Alsc, since the
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Fig. 4 Temperature field for //B-=6.7, paramenters in Reynolds number.
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Fig. 5 Surface temperature rise vs. row number for
H/B=10.0, parameters in Reynolds number.

lower bottom wall of a channel in computational
modeling was under adiabatic condition, it was
relatively more affected in low velocity regions.

The effect of geometric ratio of H/B from the
experiments and computations is shown in Fig. 6.
It shows the surface temperature rise at constant
Reynolds number of 6,236 where inlet velocity is
3 m/s. It was clearly seen that the temperature rise
did not have so much affect on changes of the
channel spacing except the case of f/B=3.3. In
general, a coolant entered over the component in
the channel is divided into two regions : one of
array region near the component and another of
bypass region over the components. As the chan-
nel height increases for a fixed component height,
the bypass height increases and the pressure drop
decreases and more of the flow is diverted into the
bypass region. As the channel height increases the
velocity in the array decreases, thus decreasing
heat transfer effectiveness. The amount of flow
that passes through the array region is what
determines the overall heat transfer from the
components. Smaller channel results in more
array region flow.

This result of Fig. 6 was a little different
compared with the results reported from the
previous literature (Wirtz and Dykshoorn, 1984;
Anderson and Moffat, 1992). It could be ex-
plained that since channel spacing ratio (H/B)
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Fig. 6 Surface temperature rise vs. row number for
Re=6236, paramenters in channel spacing
ration(H/B).

adopted in the present study is much larger
compared to aforementioned literatures, the
Reynolds number tends to have more effects than
H/B on the surface temperature.

Figure 7 shows the adiabatic temperature rise
(4T.s) at H/B=10.0, in which 47, of compo-
nent is created by convective heat transfer from
the upstream warm air. From the results of this
experiment, the temperature at the first row,
although there was no heated component, was
increased by 0.7~3.9°C due to pure conduction
transfer through the surface of PCB. However, in
the computational results for the first row, the
adiabatic temperature rise was apparently not
changed for any flow rate. It could be probably
explained by that the convective heat transfer rate
for the wall of PCB which was composed of
copper cladding and glass filled with epoxy was
arbitrarily set to a low value. For this reason, the
computational result compared to the experimen-
tal result showed a comparatively lower value at
the first row in the range of low Reynolds num-
bers in Fig. 5. With the heated component in the
first row, adiabatic temperature rise of the down-
stream components was continuously stacked to
be higher and decreased smoothly at the 7"~ 8'"
row from the experimental results, while this
phenomena did not appear in computations.
From these results, it was predicted that at an exit
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Fig. 7 Adiabatic temperature rise vs. row number
for H/B=10.0, parameters in Reynolds
number.

region there was no reverse conductive heat trans-
fer, while convective heat transfer still existed
actively.

The temperature rise downstream component
depends upon its relative location, flow condi-
tions, and heat dissipation rate of neighbors. The
thermal wake function is defined in a non-dimen-
sional form as follows :

51‘ — Ti‘ Til’l

=T T (12)

where 7,,- T:» is the temperature rise of the
heated component residing at row number » =/,
and T;-T;, is the temperature rise of a down-
stream ccmponent with i which is the number of
rows downstream from the heated component.
Influences of the thermal wake on other rows
by one heated component on the first row were
demonstrated in Fig. 8. The heat generated on the
first row only and the heat was transferred to
downstream components. The heat was consider-
ably transferred through the conjugate phenom-
ena by the heated first component in the adjacent
2nd— 4t rows and in the far downstream evolu-
tion the temperature rise was uniform approach-
ing 4~8%. This thermal wake function can be
used in order to predict the surface temperature
rise in the line arrays of heated component by

1.08
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=
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Fig. 8 Thermal wake function vs. row number for
H/B=10.0, parameters in Reynolds number
(only row 1 ; power on).

superposition.

Figures 9 and 10 showed the data from each
row of an array for HB=10.0 and Re=6,236.
The adiabatic heat transfer coefficients were
obtained from the deduction of the adiabatic
temperature of Fig. 7, and also from the surface
temperature rise of Fig. 5, in which the convec-
tion cooling performance on the heated compo-
nent itself at each row, removing the upstream
flow effect, was estimated.

From the experimental results shown in Fig. 9,
the heat transfer coefficient at the first row was
the peak at Re=28.314 and at Re=3,118 and 4,
157 under the same condition of the lowest level,
which were consistent with previous works
{Anderson and Moftat, 1990, 1992). In general, a
coolant entered over the component in the chan-
nel is divided into two regions : one of array
region near the component and another of bypass
region over the component. As shown in Fig. 9,
with a large channel spacing ratio of H/B and a
relatively low inlet velocity, a coolant entered
through the inlet did not fully pass to the array
region and mostly passed the bypass region at the
first row in line arrays. However, as the inlet
velocity is increased, the flow went
through the array region, making thermal perfor-
mance for the electronics cooling enhanced. The

mostly
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numbers for

computational results showed that a for all heated
components in line arrays, cooling was uniformly
performed, and most of the results agreed well
with those of experiment.

In Fig. 10, the adiabatic heat transfer coeffi-
cient is shown in line arrays for different channel
spacing. As shown in the behavior described in
the figure, the heat transfer coefficients were in-
dependent on the channel spacing except for f/
B=13.3. This result was not consistent with that
of previous works (Anderson and Moffat, 1990,
1992) reporting that the heat transfer coefficient
was increased while decreasing the channel spac-
ing. It would be predicted because as afore-
mentioned in Fig. 6 most of the coolant at high
H/B (6.7~13.3) the bypass
region not the array region. It also could be

passed through

proved by the velocity profile at the boundary of
the component. Although same velocity at the
inlet for different /B, the velocity profile inside
the channel was different. When we analyzed the
velocity profile from numerical results, the veloc-
ity of the boundary layer on the component at
low H/B was higher than at high H/B.
Nusselt number (Nz) and Reynolds number
(Re) were defined in terms of mean heat transfer
coefficients and inlet velocity measured, respec-
tively, and Ny - Re correlation of the parameters
in the channel spacing ratio was depicted in Fig.
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Fig. 10 Adiabatic heat transfer coefficient vs. row
numbers for Re=6236, parameters in chan-
nel spacing ratio(H/B).
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Fig. 11 Variarion in Nusselt number with respect to
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11. The correlation of Ny versus Re, Ny =0.487
Re%%, at the channel spacing ratio (H/B) of 3.
3 was well coincident with Nz =0.346 % in
inclination 0.59 and 0.6, which was reported by
Wirtz and Dykshoorn (1984) who tested the inlet
velocity concept on their data from “sparse flat
-packs” of H/B of 1.25~4.5.

But the correlation from the different geometry
of H/B of 6.7~13.3 was slightly different from
that of Wirtz and Dykshoorn (1984). The inclina-



Cooling Characteristics on the Forced Convection of an Array of Flat-form--- 141

tions were nearly same as 0.46, 0.49, and 0.51 at 6.
7, 10.0, and 13.3 of H /B, respectively. This range
of H/B was conventionally used in the telecom-
munication system, and the correlation at H/B=
10.0, their intermediate channel spacing ratio, by
curve fitting, was shown as follows :

Nu=0.890Re"* (13)

5. Conclusions

From the experimental and numerical study,
the surface temperature rise, adiabatic heat trans-
fer coefficients, and the affects of thermal wake on
line arrays of flat-form components have been
considered, and following conclusions are made:

(1) For the surface temperature rise of the
heated components, the adiabatic temperature
rise, and the adiabatic heat transfer coefficient, all
data obtained from experiment and computation
agreed well. It could be established as a bench-
mark for two-dimensional computation for this
electronic channel model.

(2) In case of higher H/B by 6.7, the
adiabatic heat transfer coefficient (f,,) was
mostly independent of the channel spacing. but
considerably affected the inlet velocity.

(3) At one heated component and another
with the power off, the affects on thermal wake
were considerable in both upstream flow and
conductive heat transfer through PCB until the
3rd row in line arrays, and in the downstream
evolution the temperature rise was kept consis-
tently.

(4) The correlation between Ny and Re was
presented to make possible the direct calculation
of the adiabatic heat transfer coefficient on a non
~uniform heated array.

Specially, the developed numerical method in
the present study could be extended to more
complex conditions of heating and geometry, such
as attaching heat sink on the heated components.
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