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Abstract—Experiments were performed with FC-77 and water to investigate free convection heat transfer
from a 3 x 3 array of flush-mounted, discrete heat sources cooled by an opposing wall in a rectangular
enclosure. The effects of the heater location, the enclosure width, the spacing between heaters, and the
inclination of the enclosure were studied. For a vertical enclosure, heat transfer was a maximum and a
minimum for the bottom and top rows of heated elements, respectively. Heat transfer was not affected by
changes in the enclosure aspect ratio. On inclining the enclosure toward a horizontal (heated from below)
orientation, the flow became unsteady and three-dimensional, resulting in significantly enhanced heat
transfer for the upper element rows.

INTRODUCTION

HEAT TRANSFER considerations play an important role
in the design of computer circuitry, since both the
reliability and the speed of solid-state eclectronic
devices decrease as their operating temperatures
increase. Advances in integrated circuit technology
have resulted in progressive increases in the number
of electronic components that may be accommodated
on a single chip. The higher component densities have
been accompanied by progressively higher chip heat
dissipation rates that are projected to exceed the limits
of conventional thermal management approaches [1,
2]. Consequently, substantial efforts are being directed
towards the development of advanced cooling tech-
niques capable of meeting the needs of future high-
density electronic packages. The present study is
motivated by the projected cooling requirements of
desktop computers, such as workstations and per-
sonal computers. While machines of this class cur-
rently are cooled by either free or forced convection
of ambient air, it is believed that, in the future, cooling
by direct immersion of the chips in a dielectric liquid
may become necessary.

The simplest liquid-immersion scheme involves
cooling by a passive single-phase thermosyphon
arrangement in which the chips are mounted on one
wall of a liquid-filled enclosure, while some of the
other walls are externally cooled. The resulting tem-
perature differences produce a circulating flow in the
enclosure due to natural convection, and heat is trans-
ferred from the chips to the cooled walls. This scheme
eliminates the need for a pump to sustain the flow,
resulting in simple, quiet, cooling. Since the thermal
expansion coefficients and Prandtl numbers of the
fluorocarbon liquid coolants under consideration are
high, Rayleigh numbers (based on chip length) as high
as 10° may be achieved in such systems despite the
small physical dimensions of the chips.

Several previous investigators have studied natural
convective heat transfer from small, discrete, heat
sources in an enclosure. Chu er al. [3] presented a
numerical study of two-dimensional, laminar, natural
convection from a long, horizontal, isothermal heated
strip flush mounted on one vertical wall of an air-filled
rectangular cavity. The opposing vertical wall was
cooled, while the top and bottom walls were either
adiabatic or cooled. The computations, involving
parametric variations of the size and location of the
heater, were restricted to low Rayleigh numbers, the
highest value considered (based on cavity height)
being 10°. A similar configuration was studied exper-
imentally by Turner and Flack [4] for higher Rayleigh
numbers ranging up to 6 x 10°. Kuhn and Oosthuizen
[5] presented a numerical study of natural convection
from a small, rectangular, chip-like, heating element
located on one wall of a rectangular air-filled enclos-
ure, the opposing wall being cooled. As in the study
by Chu et al., the effects of the size and location of
the heating element were examined for low Rayleigh
numbers. The applicability of the aforementioned
studies to liquid immersion cooling of arrays of chips
is limited, inasmuch as only single heat sources were
considered, the coolant was air, and the studies were
restricted to modest Rayleigh numbers.

Kelleher ef al. [6] conducted an experimental study
of natural convection from a single heated strip in a
water-filled enclosure, the top and bottom walls of
which were cooled. The study encompassed the range
of Rayleigh numbers (based on strip height) between
10° and 107. Flow visualization photographs showed
strong convective motion above the level of the heated
strip but virtually quiescent fluid below the strip. The
resuits of this study were supported by parallel
numerical simulations by Lee er al. [7]. A recent
numerical study by Wroblewski and Joshi [8] was
focused on transient natural convection from a single
chip package attached to one wall of a liquid-filled
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NOMENCLATURE
4, surface area of a heated element Ra¥  modified Rayleigh number, Nu, Ra,
C. column heat loss correction factor S clement spacing '
C. row heat loss correction factor T temperaturc
g acceleration due to gravity W width of enclosure (spacing between
H height of enclosure heated and cooled walls)
i average heat transfer coefficient, ¥ height of the center of each heated
QAT —TY) element from a given reference.
k thermal conductivity
L length of a heated element Greek symbols
Nu, average Nusselt number, AL}k % thermal diffusivity
Nu, average Nusselt number, Ay/k i cocfficient of thermal expansion
Nu,  local Nusselt number, /iy /k v kinematic viscosity ;
Pr Prandtl number ¢ angle of inclination. !
Q power dissipation in the electric }
resistance heater Subscripts
Q. corrected hcat loss ¢ cold wall |
Ra,  Rayleigh number, gB( T, — T.)L%/(vx) r fluid !
Ra,  Rayleigh number, gf(T,— T.)y /va h heated element. i
i

enclosure. Water and the dielectric liquid FC-75 were
employed as coolants, and conjugate heat transfer
through the mounting wall was considered in the cal-
culations.

In multi-chip arrays, thermal plumes arising from
chips located at the bottom of the array might be
expected to have an effect on chips located higher up.
Chadwick er al. [9] presented a combined exper-
imental and numerical study of two heated strips on a
vertical wall of a rectangular enclosure. The opposing
wall was cooled and the cavity was filled with air. The
thermal plume rising from the lower heater was found
to diminish the heat transfer coefficient at the upper
heater by as much as 40%.

Carmona and Keyhani [10] conducted an exper-
imental study of natural convection from five, ver-
tically spaced, flush-mounted, heated strips in a tall
cavity with the top wall cooled and all the other walls
insulated. Ethylene glycol was used as the coolant.
This study was later extended by Keyhani ef al. {11]
to include protruding heated strips. Thermal plume
effects were evident in both studies. although the more
complicated flow associated with the protruding strips
resulted in a partial disruption of the plume and a less
severe reduction of the heat transfer coefficient at the

upper heaters. Unfortunately, the practical utility of

the results presented in refs. {10, 11} is diminished by
the fact that, in both studies, the surface area of the
cooled wall was less than the combined surface areas
of the heated strips. In both of these studies, the sur-
face area of the cooled top wall was varied para-
metrically by varying the cavity width. Systematic
increases in the effective heat transfer coefficients at
the heated strips were observed with increases in the
cavity width, indicating that the heat transfer from
the strips was primarily limited by the relatively small
area of the cooled wall.

An experimental study in which the large area of
the opposing wall was used as the heat sink was
reported by Keyhani ef a/. [12]. In this study, 11 flush-
mounted, uniformly heated strips, spaced by unheated
sections of the same width, were mounted in a tall
cthylenc glycol-filled enclosure with insulated top and
bottom walls. The highest Rayleigh number (based
on the strip width) achieved in their experiments was
about 5x 10° Flow visualization studies showed thc
existence of a large primary recirculating flow between
the two vertical walls, as well as multiple smaller sec-
ondary cddies embedded within the primary loop.
In general, heat transfer coefficients were found to
diminish from the lowermost heater to the uppermost
heater, although the decrease from heater to heater
was not uniform. It was also found that Nusselt num-
bers, based on the height of each heater above the
bottom of the enclosure, could be correlated against
the modified Rayleigh numbers based on the same
length scale, by a single equation applicable to all
the heaters. This correlating equation was in closc
agreement with a standard correlation for a uniformly
heated vertical plate in an infinite medium, suggesting
that the heat transfer rates were controlled by the free
convection boundary layers on the heated strips.

In an additional investigation, Prasad er al. [13]
experimentally determined the effect of the width of
the cavity on heat transfer from three uniformly
heated strips with ethylene glycol as the coolant. In
concurrent numerical simulations they examined the
effect of the fluid Pranddl number. Heater Nusselt
numbers were found to be virtually insensitive to vari-
ations in the cavity width (for H/W > 3) and to cor-
relate with the Rayleigh number for Pr = 1. Both
these findings are consistent with the dominance of
the thermal resistances of the boundary layers on the
heated strips. Prasad er al. chose to correlate the
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heater Nusselt numbers against a Rayleigh number
based on the total height of the cavity, thus neces-
sitating separate correlating equations for each of the
three heaters. Many of the results reported by Prasad
et al. may also be found in refs. {14, 15].

A few studies of heat transfer from arrays of discrete
square or rectangular heat sources have been
reported. Liu et al. [16] presented a limited numerical
study for a 3 x 3 array of equally-heated rectangular
protrusions mounted on one wall of an enclosure filled
with FC-75 and cooled from the top and bottom. The
horizontal spacing between the sources was com-
parable to their longest dimension and the protrusion
from the wall was sizable. Although the computations
were restricted to low Rayleigh numbers, the com-
puted flow patterns were found to be extremely
complex, with substantial flow penetration into the
gaps between adjacent heat sources. Experimental
studies of similar configurations by Joshi ef al. [17,
18] for Rayleigh numbers as high as 107 confirmed
that the flow patterns were highly three-dimensional
and time-dependent. In contrast to previously men-
tioned results for multiple flush-mounted strips, rela-
tively small heater-to-heater variations in the Nusselt
numbers were measured, indicating that the thermal
plumes formed at the bottom heat sources were
disrupted by the complex flow in the gaps between
heaters.

The foregoing literature survey shows that the avail-
able information pertinent to liquid-immersion
cooling of electronic chip arrays is limited. Although
a sizable body of literature has been generated on
natural convection from heated strips, and a few stud-
ies of protruding block-like heat sources in an enclos-
ure have been reported, no previous results appear
to have been published on natural convection from
arrays of flat chip-like heat sources in an enclosure.
While previous investigations indicate that complex
three-dimensional flows occur with arrays of block-
like heat sources, it is unclear whether such flows
would occur with arrays of flush heaters. In addition,
most of the previous work has been restricted to
Rayleigh numbers lower than those associated with
liquid-immersion cooling. Consequently, the available
literature provides limited guidelines for the design of
single-phase thermosyphon liquid-immersion cooling
schemes for multi-chip arrays.

The objective of this paper is to report experimental
data for an array of flush mounted heat sources on
one vertical wall of a rectangular cavity, with the
opposite wall cooled. Experiments have been per-
formed over a wide range of Rayleigh numbers for a
3 x 3 array of 12.7 mm square heat sources using both
water and dielectric liquid FC-77 (manufactured by
3M Co.) as coolants. Data have been taken to deter-
mine the effects of the heater location, the enclosure
width, the spacing between heaters, and the boundary
condition along the top wall of the cavity. In addition,
while previous efforts have been focused exclusively
on vertical cavities, the present paper includes infor-
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mation on the effect of inclining the cavity. The data
are presented for individual heaters using dimen-
sionless parameters.

EXPERIMENTAL METHODS

The experimental setup consisted of a test cell and
a support structure that allowed for variation of the
test cell orientation. The test cell, shown schematically
in Fig. 1, consisted of a heater plate, an opposing cold
plate, and a spacer platefinsert assembly compressed
between two clamping plates by bolts passing through
each corner. O-rings were used to seal the interfaces
between the components. The heater plate was fab-
ricated out of Lexan due to the strength and low
thermal conductivity of this material. Two threaded
holes were located near the top of the plate to allow
for filling and draining of the test cell. These ports
communicated with the test cell cavity through long
slots machined in the surface of the plate. For the
tests, a tube fitting was placed in each hole, and a
length of polyethylene tubing, with the free end open
to the atmosphere, was attached to each fitting, to
allow for fluid expansion.

The heater plate supported a 3x3 array of 12.7
mm x 12.7 mm x 9.5 mm oxygen-free copper blocks
arranged as shown in Fig. 2. Each block was instru-
mented with two copper—onstantan thermocouples
(0.127 mm wire diameter) located in holes drilled from
the side 1.6 mm below the front surface of the block.
The Lexan around each element was beveled, and a
sealing compound was applied in the resulting groove
at the Lexan/copper block interface. A thick-film
resistive heater, composed of a 0.25 mm thick alumina

Copper

Lexan ol Plate

Heater  Spacer

Copper
Cold Plate
or
Lexan Insert

Fill and Drain
Port

Clamping
Plates

F1G. 1. Schematic depiction of the test cell.
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FiG. 2. Arrangement of the heat sources in the test cell cavity.

substrate with a 100 Q resistive film, was soldered to
the back of each block (see Fig. 2). The cavity behind
the heaters was filled with an insulating material
(Sylox, k = 0.02 W m~' K ') to minimize heat losses
through the back of the module.

The water-cooled cold plate opposite to the heaters
was made of copper which, due to its large thermal
conductivity, provided a near-uniform plate tem-
perature. The plate contained an internal maze of
channels through which water from a constant tem-
perature bath could be circulated. The surface tem-
perature of the cold plate was registered by three
copper—constantan thermocouples soldered flush with
the front surface.

A spacer plate/insert assembly was located betwecn
the heater plate and the cold plate. The frame-shaped
Lexan spacer plate provided the side walls of the
enclosure and controlled the spacing between the
heater plate and cold plate. Spacers of three different
thicknesses (12.7, 19 and 38.1 mm) were used during
the course of the experiments. The transparency of
the Lexan side walls allowed for optical access for flow
visualization studies. An insert was attached inside the
upper part of the plate to provide the top wall of the
enclosure. The insert design varied depending on the
test.

Two different inserts were used for the experiments.
One insert was made of Lexan to provide a nearly
adiabatic top boundary condition in the enclosure.
The other insert was a cold plate made of copper. Like
the enclosure side wall cold plate, the top cold plate
contained cooling water channels. Two copper-con-
stantan thermocouples were surface mounted to the
exposed face of this cold plate.

When all the plates were assembled, the resulting
cavity was 95 mm high and 57 mm deep. The spacing
between sidewalls of the enclosure varied with the

experiment. The elements in the heated wall of the
enclosure were located 25.4 mm from the top and
bottom enclosure walls and 6.35 mm from the side
walls.

The cxperiments were conducted with FC-77
(manufactured by 3M Co.) and water. In order to
eliminate the formation of air bubbles at the Lexan;
copper interface when operating at high power inputs,
each of these fluids were degasscd before a given
experiment. The test cell was filled with the degassed
fluid, clamped to the mounting apparatus, and care-
fully leveled. The test cavity was either oriented verti-
cally or inclined at a prescribed angle. The water
supply to the cold plates was activated, and the power
supplied to each heater was uniformly incremented.
A D.C. power supply was used to energize the heaters.
The temperatures and powers were scanned using a
HP 3054 Data Acquisition System, and the tempera-
ture of the cooling water was monitored and adjusted
to maintain desired cold plate temperatures.

Temperatures and power inputs were recorded
when steady state was reached. Steady conditions
were usually deemed to have been achieved when the
temperature difference between any element and the
cold plate did not vary by more than 0.05°C over a 5
min interval. At steady state, temperatures and power
inputs were scanned 10 times during a 4 min interval
and averaged.

As part of the experiments, flow visualization
studies were performed for several test conditions.
These studies, which were performed separately from
the heat transfer measurements. included both the
shadowgraph and particle tracing techniques. In the
shadowgraph, a collimated beam of light from a mer-
cury arc lamp was passed through the transparent
Lexan side wall of the enclosure from behind and
projected onto a piece of frosted glass placed on the
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front of the test cell. Variations in the refractive index
of the fluid due to density changes caused variations
in brightness of the projected image and provided a
qualitative impression of the flow pattern. In the par-
ticle tracing studies, the motion of small particles sus-
pended in the liquid was used to infer flow patterns.
Due to their near-neutral buoyancy in the respective
fluids, finely ground fish scales were used with FC-77,
and small diameter pliolite (specific gravity = 1.02)
particles were used with water. A sheet of light from
an argon laser was passed through the bottom wall of
the test cell to illuminate a thin layer of particles
in the fluid along a given column of heaters. Time-
exposure photographs, with exposure times ranging
from four to ten seconds, were taken to obtain particle
streaks, which gave qualitative flow field information.

All of the tests were conducted under conditions of
equal power dissipation {Q) for each of the heaters
powered. All fluid properties were evaluated at a film
temperature defined by

T.+T,
2

T, = (1)
where T, is the average of the three temperatures
measured on the cold plate and T, is the average of
the two temperatures registered by the thermocouples
of a given element. The two thermocouples on any
given element agreed within 0.1°C in all cases. For
tests involving two cold plates, both were maintained
at the same nominal temperature, and T, was defined
as the average of the temperature readings on the two
cold plates. For each element, the data were reduced
in terms of Nusselt and Rayleigh numbers.
The Rayleigh number was defined as

_ BT -TYL

Ra
L Vo

@

where the characteristic length, L, was the heater
length. In some cases, another Rayleigh number was
defined as

_9B(T—T)y*
- vor

Ra

£4

(€)

y being the height of the center of each heater with
respect to a given reference.
The Nusselt number was defined as

— m ou
M = = AT =T) @

where A, is the surface area of the element. An alter-
native definition of the Nusselt number was used in
some cases, with a characteristic length, y, defined as
the height of an element above a given reference. The
corrected heat loss, Q., was the heat transferred
directly from the surface of the copper block to the
fluid and was defined as

Q. = 0C.C, %

Q@ being the measured power input to the given

3987

element. C_ and C, were numerically determined sub-
strate heat loss correction factors accounting for heat
loss by a column of elements and a row of elements,
respectively. The row loss correction factors ranged
from 0.765 to 0.976, depending on the test and power
input, while the values of C, ranged from 0.850 to
0.970 and 0.888 to 0.976 for the side and center
columns, respectively. The numerical simulations that
resulted in these correction factors are described in
detail by Polentini [19].

The maximum uncertainties associated with mea-
sured values of L and Q were 1 and 2%, respectively.
All the thermocouples were calibrated to within
0.05°C of each other, and the maximum uncertainty
associated with (7,,—7,) was 2%. The estimated
uncertainties in the reported values of Nusselt number
and Rayleigh number, as computed by the procedure
described by Kline and McClintock [20], were 8 and
3%, respectively. The estimated uncertainty in the
Nusselt number includes the uncertainty associated
with the heat loss correction factors. In computing
the foregoing uncertainty estimates, uncertainties in
the fluid thermophysical properties were ignored.
Therefore, the actual uncertainties (especially in the
FC-77 data) are likely to be somewhat higher.

To facilitate the investigation of several of the par-
ameters of interest, while minimizing the number of
experiments performed, a set of standard conditions
was defined. Parameters were then varied about these
conditions. The standard condition tests were con-
ducted with FC-77 in a vertical enclosure (¢ = 0°) of
width W = 12.7 mm. The top wall of the cavity was
adiabatic, and all the elements of the array were
powered equally. The cold plate temperature was
maintained at 25°C. To vary the Rayleigh number,
the power input to each heater was varied from 0.3
to 1.9 W. Several additional experiments were per-
formed by varying the power supplied to individual
heater rows, the angle of inclination of the cavity, the
cavity width, the fluid, and the top surface boundary
condition. For tests with water, the heater power was
varied from 0.3 to 7.0 W.

RESULTS

In discussing the results of the study, the standard
conditions will be considered first to establish a ref-
erence for comparison. The heated elements will be
represented by the following symbols unless otherwise
specified : a circle for the top row elements, a triangle
for the middle row elements, and a square for the
bottom row elements. The flow patterns cor-
responding to some of the test conditions will be dis-
cussed in conjunction with the particle pathlines
shown in Fig. 3. These pathlines were obtained by
tracing over time-exposure photographs of the par-
ticle motion.

Standard conditions
The flow structure at standard conditions for a low
heat input (Q = 0.3 W element™’, Ra, = 107) was
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F1a. 3. Schematic rendering of particle pathlines for various
test conditions : (a) standard conditions ; (b) top row heated :
(¢) bottom row heated; (d) top and bottom rows heated:

(e) water as the test fluid.

multicellular. A primary flow ascended along the
heated wall and descended along the cold wall. As
shown in Fig. 3(a), the primary cell enveloped two
secondary cells, which rotated in the same direction
and were located in the region above the top row of
clements. Below the bottom row of elements, the fluid
was relatively stagnant. The boundary layer remained
laminar along the entirc heated wall, and no sig-
nificant columnwise variations in flow structure were
observed. With increasing heat input, the boundary
layer along the heated wall became turbulent above
the top row of elements. While flow in the lower region
of the enclosure did not significantly change from that
observed at a low heat input, the unsteadiness of the
flow in the upper region made it difficult to clearly
delineate the particle tracks.

The foregoing flow structure differs from those
numerically predicted by Keyhani e¢ ¢f. {14] and Shen
et al. {15] for three isoflux elements. In those studies,
which were performed for larger element spacings
{0.333 < §/L. < 5) and smaller Rayleigh numbers
(Ra, < 3% 10%), multicellular flows were also pre-
dicted. However, the primary flow surrounded sec-
ondary flows that were located in regions between
heated strips, in contrast to the obscrved secondary
flows above thc top row in the present case. This
difference supports the conclusion drawn by Shen et
«f., that the presence and location of secondary cells
are dependent on the element spacing.

As expecied, element femperatures were highest in
the top row and lowest in the bottom row, clearly
reflecting the effect of the growing thermal boundary
layer on the upper element temperatures, Within each
row, the temperatures of the center and side elements
were in close agreement. A plot of Nu; vs Ra, for the
standard condition is shown in Fig. 4. For each of the
rows, Nu, increases with Ra, at a nearly constant
slope. Even the top row at high Ra, follows the same
trend, which suggests that the turbulence and
unsteadiness present above the top row did not sig-
nificantly affect heat transfer. The maximum Ny,
values arc associgted with the bottom row, while
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values for the middle row are about 22% smaller than
those for the bottom row, and values for the top row
are 32% smaller than those for the bottom row.

The data for each element row are correlated with
a maximum deviation of 5% by the following equa-
tions:

Top Row: Nu, = 0.767 Ral*"! {(6)
Middle Row: Nu, = 0.849 Ral*!* {7}
Bottom Row: Au, = 1.39 Ray ™, )

As shown in Fig. 5, the data for all of the clements

1000 T T T T T T T T

Nu,

100

bi!!ill]
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Ra,

Fig. 5. Correlation of the Nusselt numbers for the three
heater rows under standard conditions (FC-77, ¢ == 0",
W=127mm T, =25
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are correlated by using a local length scale equal to
the height of the center of a given element with respect
to a location 4.75 mm below the bottom edge of
the bottom row. The correlation, which shows a
maximum deviation of 5%, is

Nu, = 1.03 Ra®*'®. ©)

Although an exact starting location for boundary
layer development could not be determined, it was
observed during the experiments that the boundary
layer began to form slightly below the bottom row of
elements, due to heat conduction into the substrate
below the bottom row. Thus, the chosen reference
location corresponds to a possible starting location of
the boundary layer on the heated wall. It should be
noted, however, that the starting location of the
boundary layer depends on the ratio of the con-
ductivities of the fluid and the substrate. Therefore,
the correlation should be used with caution for differ-
ent thermal conductivity ratios.

Vliet [21] developed a correlation for laminar natu-
ral convection heat transfer from an unconfined con-
stant heat flux vertical wall:

Nu, = 0.6 Ra*"?, (10)

The modified Rayleigh number, Ra}, appearing in the
correlation may be converted to the conventional
Rayleigh number, Ra,, through the relation Ra} =
Nu,Ra,. Substitution of this relationship into equa-
tion (10) results in

Nu, = 0.528 Ra®2*. (11)

The foregoing correlation is plotted on Fig. 5 for
comparison with the data for the standard condition.
At low Ra, (Ra, = 107), the data of this study exceed
predictions based on the Vliet correlation for the con-
tinuously heated plate by as much as 18%. The differ-
ence decreases with increasing height (and Ra,).
Figure 6 compares the standard condition data with

100
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correlations by Keyhani et al. [14] for three isoflux
elements spaced one element width apart in an
ethylene glycol (105 < Pr < 166) filled enclosure and
Shen et al. [15] for Pr =25 and a range of element
spacings. Their correlations, which were given in
terms of Ra} and Ra},, were expressed in terms of Ra,
to facilitate the comparison. Although the cor-
relations presented in the previous studies cover lower
ranges of Ra,, it appears that, in general, values of
Nu, obtained in the current study exceed those of the
previous studies if the correlations are extrapolated to
higher Ra,. The correlation by Keyhani ef al. for the
bottom row of elements is an exception. The higher
Nusselt numbers in the current study may be attri-
buted to three-dimensional effects at the side edges of
the elements, which would enhance local convection
at the edges [5].

Comparing the data at standard conditions to
results obtained by Joshi ef al. [17] for a 3 x 3 array
of protruding sources in an enclosure cooled from the
top and bottom for FC-75 (Pr = 25), it is apparent
that the results of this study exceed values of Nu,
obtained using the correlation given by Joshi ez al.
The values of Nu; calculated by Joshi et al. were based
on the total wetted surface area of each protrusion,
and the lower values may be due to lower heat transfer
coefficients on the side surfaces of the protrusions.

Effect of heater location and spacing

To determine the effect of heater location, indi-
vidual rows of elements were heated separately at heat
inputs ranging from 0.3 to 1.6 W element™' (Ra,
ranging from 1 x 107 to 5x 10"). For each case, the
flow was relatively stagnant below the heated row and
was steady and laminar for all heat inputs. Multi-
cellular flows were observed for each case, with the
secondary cells located in regions above the heated
rows. Particle pathlines observed with only the top
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FiG. 6. Comparison of present data to the results of previous studies.
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row heated and only the bottom row heated are pre-
sented in Figs. 3(b) and (c), respectively.

Heat transfer data for each of the rows heated indi-
vidually showed no significant columnwise variation
in Nu,. As expected, values of Nu, for individually
heated rows were larger than those for the standard
case, since the effect of thermal plumes was eliminated.
Although Ny, did not differ significantly for the three
heating conditions, values were highest and lowest
for separate heating of the bottom and top rows,
respectively. For the bottom row, values of Nu, were
4-5% higher than for the middle row and 8-9% higher
than for the top row.

An explanation for the increase in Nu, with a
decrease in element distance from the bottom of the
enclosure is that the length of the primary flow cell
increased, providing an increased distance of travel
for the fluid along the surface of the cooled wall. This
would result in the delivery of cooler fluid to the
Jower elements causing reduced temperatures in these
elements. In the numerical study by Chu et al. [3] for
a single heat source at a lower Pr and Ra,, heat
transfer was also found to increase with decreasing
distance of the source from the bottom surface.

To determine the effect of spacing and location for
two rows of elements heated simultaneously, com-
binations of rows were heated. When the bottom and
middle rows and the top and middle rows of elements
were heated, the flow below the lowest heated row was
relatively stagnant, no major changes in flow structure
were observed at higher heat inputs, and no tur-
bulence was observed. There were no significant
columnwise flow variations. Heating the top and bot-
tom rows produced similar results. However, there
appeared to be a secondary cell located near the
middle row of elements. This structure, shown in Fig.
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3(d), is similar to that predicted by Shen ez al. [15],
in which two secondary cells existed between heated
elements. In the present case, however, an additional
secondary cell was not clearly distinguished.

As shown in Fig. 7, heat transfer data for the vari-
ous combinations of heated rows could be collapsed
by using a length scale computed as the effective height
of the center of a given row of elements with respect
to a distance 6.4 mm below the bottom edge of the
lowermost heated row. In computing the effective
height, the space occupied by an unheated inter-
mediate row was ignored, so that the same local
height, ., was used for the top row when the top and
bottom rows were heated as when the top and middle
rows were heated. As can be seen from the graph.
values of Nu, do not deviate significantly for the three
cases. However, slightly higher values of Nu, can be
seen for the case in which the top and bottom rows
were heated. This behavior could be due to the pres-
ence of the secondary cell located between the
elements in this case. This secondary cell could pro-
duce a partial dissipation of the thermal boundary
layer between the bottom and top rows, leading to
heat transfer enhancement. Compared to the case in
which the middle and top rows were heated, a slightly
higher Nu, can be scen for the case in which the
bottom and middle rows were heated, which could be
due to the longer contact of the primary flow with the
cold plate wall. Thus, for two rows of heat sources,
Nu, increases slightly with decreasing element dis-
tance from the bottom wall and increasing row spac-
ing.

Effect of angle of inclination
In discussing the effects of inclining the enclosure,
it should be noted that the component of gravity par-
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FiG. 7. Nusselt numbers for combinations of heated rows (FC-77, ¢ = 0", W = 127 mm. T, = 257).
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allel to the element surfaces (gcos ¢) was important
for small angles of inclination, and the component
normal to the element surfaces (g sin ¢) became more
important for angles of inclination approaching 90°.
However, the Rayleigh number for the inclined
enclosure was defined in the same way as for the
standard case (i.c. based on g) to maintain a consistent
definition.

For an inclination angle of 30°, shadowgraphs for
a low heat input (Q = 0.3 W element ™', Ra; = 107)
showed that the boundary layer became turbulent in
the upper regions of the top row. Intermittent plumes
of hot fluid were observed to ascend vertically from
the boundary layer near the trailing edge of the top
row. With an increase in heatinput to 1.0 W element ™!
(Ra, = 4x107), flow fluctuations in the upper part
of the enclosure intensified. At higher heat inputs
(0 = 1.7 Welement ™', Ra; = 7 x 107), plumes began
to ascend from the surface near the middle row, and
the region of turbulent fluctuations extended down-
ward to the middle row of elements.

When the angle of inclination was adjusted to 45°,
random, intermittent, turbulent plumes were again
seen rising vertically from the top row and the upper
region of the middle row of elements at a low heat
input (Q =0.3 W element™"). Fluid in the region
below the bottom edge of the bottom row was
observed to be stagnant. As heat input was increased
to 1.0 W element~! (Ra, = 4 x 107), turbulent fluc-
tuations intensified and moved downward in the
enclosure, as buoyant plumes began to ascend from
the entire surface of the middle row of elements. At
heat inputs up to 1.7 W element™' (Ra, = 7x 107),
the turbulence intensified in the region of the upper
two rows of elements.

At an angle of inclination of 60°, turbulent fluc-
tuations were again observed at the top and middle
rows, and fluid below the bottom edge of the bottom
row again appeared to be relatively stagnant.
Unsteady plumes rising vertically from the elements
caused heated fluid to impinge on the cold plate,
ascend along the cold plate surface, and to circulate
back down the heated wall toward the top row of
elements. As the heat input was increased to 1.0 W
element™' (Ra, = 4x107), turbulent plumes were
seen to rise from the bottom row.

At a 90° angle of inclination (heating from below),
the flow approached the array of elements from the
sides, was heated, and ascended towards the cold
plate. The array appeared to act as a single source,
due perhaps to the small spacing between elements.
At a low power input (Q =03 W element ',
Ra,; = 107), the flow appeared to be slightly turbulent.
When heat input was increased to 1.7 W element !
(Ra, = 6 x 107), turbulent plumes rose from the entire
array.

In general, for the 30, 45, and 60° inclinations, the
Nusselt numbers at the bottom row of elements were
highest. For the 30° inclination, the middle and top
rows of elements had approximately equal Nu; at the
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low heat inputs, with Nu, for the top row becoming
slightly larger at the higher Ra, due to the action of
the turbulence in the upper part of the enclosure. For
the 45° inclination, values of Nu, at the middie and
top rows were approximately equal at low Ra,. How-
ever, as Ra, increased, Nu, for the middle row
approached that for the bottom row, while the top
row had the lowest value. For the 60° inclination,
row-to-row variations in Nu, were relatively small.
Nu; was largest for the bottom and middle rows at
low Rayleigh numbers, while at higher Ra, the middle
and top row values merged. For the 90° inclination,
Nusselt numbers were found to be almost uniform on
all the elements. The data for the four inclinations are
correlated within a maximum deviation of 13% by
the following equations:

¢ =30°, Nu, = 0.407 Ra}*" (12)
¢ =45°, Nu, = 0.281 Ra0>*¢ (13)
'y id
¢ = 60°, Nu, =0.318 Ra®?*? (14)
y b4
¢ =90°, Nu, = 0.168 Ral>** (15)

where y is the same length scale used in the standard
case (y = 4.75 mm). It should be noted that, although
it is unconventional to use this length scale for a
horizontal configuration, the correlation works well
because the exponent on Ra, is approximately equal
to 1/3, thereby yielding results for which the con-
vection coefficient is approximately independent of
length scale. Figure 8 displays the data for the 45°
inclination along with the correlating equation for
that angle.

The data for the various inclinations are compared
with those for the standard configuration by forming
ratios of Nusselt numbers for the inclined con-
figurations with the standard values. These ratios,
which were obtained row by row, are displayed for
the four inclinations in the four panels of Fig. 9. For
¢ = 30°, there is significant enhancement relative to
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the standard case for the top row, and enhancement
increases with increasing Ra,. Although there is no
enhancement for the bottom row, the middle row
shows some enhancement which increases as Ra,
increases. The point at which significant enhancement
occurs for the middle row corresponds to the heat
input at which turbulence was observed near the
middle row.

For ¢ = 457, the top row Nusselt number is greatly
enhanced relative to the standard case (about 40%)
while enhancement for the middle row increases with
increasing Ra,. Based on flow observations, this
increase may be attributed to increased turbulence in
the region occupied by the middle row. Values of Nu,
for the bottom row of elements are slightly smaller
than values for the standard conditions. This result is
attributed to a decrease in the gravitational accel-
eration component parallel to the element surfaces,
which reduces velocity components parallel to the sur-
faces.

For ¢ = 607, both the middle and top row Nusselt
numbers are greatly enhanced relative to the standard
condition. Nu, for the bottom row increases sig-
nificantly with respect to the standard condition
results at Ra, corresponding to the inception of tur-
bulence in the lower region of the enclosure (Q = 0.7
W element ™', Ra, = 2x 107). As in the 30 and 45
cases, the observations suggest that when significant
enhancement occurs, it is due to turbulence in fluid
motion adjoining the elements.

For ¢ = 90+, the top row shows an enhancement
that increases with Ra, up to 60%,. while the middle
row displays an enhancement increasing with Ra, up
to 25%. The bottom row actually shows a decrease in
N, atlow Ra, compared to standard conditions and
approaches the same Ny, at high Ra,.

To summarize the results of inclining the test cell
with respect to the vertical, heat transfer increasecs
with increasing angle of inclination. This trend is
largely due to the onset and amplification of tur-
bulence which propagates down the heated wall with
increasing angle of inclination. For ¢ = 90°, almost
uniform cooling is obtained at all the elements.

Effect of vertical wall spacing {aspect rutio)

Although no particle traces were obtained for
experiments in which the enclosure wall spacing was
varied, shadowgraphs revealed results similar to those
obtained at standard conditions. At a low heat input,
the boundary layer was laminar, and fluid circulation
in the enclosure was similar to that observed at stan-
dard conditions. At higher heat inputs, the boundary
layer became turbulent above the top row of elements.
The temperature and heat transfer data were nearly
identical to data at standard conditions. There was
very little change in Nu, with enclosure width for the
three widths studied. This result is consistent with
previous studies by Shen et al. [15], which revealed
no significant change in Nu, with variation in the
enclosure aspect ratio.
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Effect of Prandtl number

In order to determine the effect of the Prandtl num-
ber of the fluid, experiments were performed using
water (Pr = 5) instead of FC-77 (Pr = 25), with heat
inputs ranging from 0.3 W element~! (Ra, = 10 to
7 W element ™' (6 x 10° £ Ra, < 3 x 10°). Since water
is a better coolant than FC-77, it was possible to
operate at much higher heat inputs while maintaining
heater temperatures within acceptable limits.

Flow visualization at a low heat input (@ =0.7 W
element™!, 3x 10* < Ra, < 4x10% revealed that, as
in the standard case, fluid below the bottom row of
elements remained relatively stagnant, the boundary
layer remained laminar, and the flow structure, which
was steady, did not vary significantly in the spanwise
direction. As in the standard case, multicellular flows
were observed. However, instead of the two secondary
flow cells, which were observed for the standard case,
three secondary cells were located at the top of the
enclosure. With increases in heat input to 1, 4, and 7
W element ™' (Ra, increasing to 3 x 10%), there was no
noticeable change in flow structure, and the bound-
ary layer remained laminar while the flow remained
steady. Figure 3(e) depicts the flow structure at a heat
input of 4 W element ™' (Ra, ~ 10°).

As in the standard case, there were no significant
differences in Nu, for elements in a given row. The
highest and lowest Nusselt numbers occurred for the
bottom and top rows, respectively, as shown in Fig.
10. Nu; increased with Ra, at a constant slope for all
rows. The data for FC-77 are included on the plot for
comparison. If the trends exhibited by the water data
are extrapolated into the range of the FC-77 data,
differences of up to 15% are observed, the FC-77
data displaying the larger Nusselt numbers. Thus, it
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appears that the effect of the Prandtl number on the
Nusselt number is modest. This supports the numeri-
cal and experimental results of Prasad et al. [13] which
showed that, for an equivalent Rayleigh number,
values of Nu; for Pr=25 and 166 were only 5%
higher than Nu, for Pr = 1.

All of the data for the experiments with water and
FC-77 are correlated by row according to the fol-
lowing relations

Top Row: Nu, = 0242 Ra??’®  (16)
Middle Row : Nu, = 0.308 Rq%?"2 an
Bottom Row: Nu, = 0.440 Ra}?"®.  (18)

The maximum deviation from these correlations is
10% while most of the data is correlated to within
5%. As shown in Fig. 11, the data for FC-77 and
water can be correlated by using a length scale equal
to the local height of a given element with respect to
a location 4.75 mm below the bottom edge of the
bottom row according to the following correlation :

Nu, = 0.607 Ra2?*, (19

A maximum deviation of 20% and a standard devi-
ation of 8% is associated with this correlation.

Effect of cooling top surface

To investigate the effect of adding additional
cooling to the top surface of the enclosure, exper-
iments were performed with a top cold plate, which
was held at 25°C, for heat inputs ranging from 0.3 W
element™' (Ra; = 107) to 1.9 W element ™ (6 x 10"
Ra, < 9x107). FC-77 was used as the coolant. Flow
visualization for these experiments revealed little
change in the flow field compared to the standard
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condition case. The same multicellular flows were
observed at low heat inputs, and the boundary layer
along the heated wall became turbulent above the top
row of elements with increasing heat input.

The heat transfer results differ from the standard
condition case only slightly. As in the standard case,
there was little difference in Nu, for elements within
a row. Nusselt numbers were largest for the bottom
row and smallest for the top row. However, compared
to the standard case, there is a slight enhancement in
heat transfer for the top and middle rows of elements.
Figure 12 shows that there is a 10% increasc in Nu,
for the top row, and that enhancement increases only
slightly with Ra,. For the middle row of elements,
there is a 5% enhancement relative 1o the standard
conditions, while for the bottom row, there is very
little change in Nu,.. Values of Nu, for the middle row
of elements are approximately 81% of those for the
bottom row, while values for the top row of elements
are approximately 72% of thosc for the bottom row.
The data for all three rows are correlated well using
the relation

N, = 0,502 Ra®?%* (20)

where the characteristic length, v, is the same as in the
standard case.

CONCLUSIONS

Experimental data have been obtained for single
phase thermosyphon cooling of a 3 x 3 array of small,
square, flat heat sources. The experiments were per-
formed with FC-77 (Pr = 25) for 107 < Ra, < 10%,
25K HIW 7.5 and 0 < ¢ <907, as well as with
water {(Pr=5) for ¢ = 0" and 10° < Ra, < 5% 10°

M. S. POLENTINI ef al.

The following conclusions were drawn from the
study:

I. In general, there were no spanwise variations
in flow structure or heat transfer tor the range of
conditions considered.

2. Forthe standard case (FC-77, ¢ = 07, B = 12.7
mm, ¢, = 0), steady secondary flows were observed
above the top row of elements in the enclosure at low
Rau,;, and the boundary layer along the heated wall
became turbulent above the top row with increasing
Ra, . The maximum and minimum Nz, corresponded
to the bottom and top row, respectively. It was poss-
ible to correlate the Nusselt numbers tor the three
rows against the Rayleigh number with a single equa-
tion (equation (9)) by using a characteristic length
equal to the height of the center of 4 given clement
row above a reference location corresponding to the
possibie origin of the boundary layer. Values of Nz,
were shightly larger than those for a continuously
heated plate in an infinite medium and discretely
heated strip elements in an enclosure,

3, Values of Nu, for individually heated rows were
larger than those for the standard condition casc.
Although Nu, did not differ significantly for each
case, values were the highest and lowest for the bottom
row heated alone and the top row heated alone,
respectively. Values for bottom row healing were 4~
5% higher than those for the middle row and 8-9%
higher than those for the top row.

4. Data for two rows of simultaneously heated
elements showed that values of Ny, increased slightly
with decreasing element distance from the bottom
wall and increasing row spacing.

5. Increasing the angle of inclination increased
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values of Nu, for the upper rows of elements. This
enhancement, caused by the action of turbulent
plumes, moved to the lower rows as the inclination
angle and Ra, increased. At an inclination of 90°,
all of the elements of the array were cooled almost
uniformly. The data for the four inclination angles
were correlated by equations (12)—(15).

6. Varying the spacing between the vertical walls
had no significant effect on Ny, for the range of
spacings studied.

7. It was possible to collapse the data for water
(Pr=15) and FC-77 (Pr =25), by correlating the
Nusselt number against the Rayleigh number. The
data for water and FC-77 were correlated by a single
equation (equation (19)) with a standard deviation of
6%.

8. Cooling the top surface of the enclosure in
addition to the side surface produced no change in
flow structure and resulted in only slightly different
heat transfer results. Top surface cooling resulted in
a 10% increase in Nu, for the top row and a 5%
increase for the middle row. No enhancement was
seen for the bottom row.

Acknowledgement—This research was supported by the
National Science Foundation under grant No. CTS-
9004213.

REFERENCES

1. F. P. Incropera, Convection heat transfer in electronic
equipment cooling, J. Heat Transfer 110, 1097-1111
(1988).

2. A. Bar-Cohen, Thermal management of electronic com-
ponents with dielectric liquids, Proceedings of the
ASME|JISME Thermal Engineering Joint Conference,
Vol. 2, XV-XXXIX (1991).

3. H.H.-S. Chu, 8. W. Churchill and C. V. S. Patterson, The
effect of heater size, location, aspect ratio, and boundary
conditions on two-dimensional, laminar, natural con-

1.

12.

vection in rectangular channels, J. Heat Transfer 98,
194-201 (1976).

. B. L. Turner and R. D. Flack, The experimental

measurement of natural convective heat transfer in rec-
tangular enclosures with concentrated energy sources, J.
Heat Transfer 102, 236-241 (1980).

. D. Kuhn and P. H. Oosthuizen, Three-dimensional tran-

sient natural convective flow in a rectangular enclosure
with localized heating, Natural Convection in Enclos-
ures—1986, ASME HTD-63, pp. 55-62 (1986).

. M. D. Kelleher, R. H. Knock and K. T. Yang, Laminar

natural convection in a rectangular enclosure due to a
heated protrusion on one vertical wall—part 1: exper-
imental investigation, Proceedings of the ASME|JSME
Thermal Engineering Joint Conference, Vol. 2, pp. 169-
178 (1987).

. J.J. Lee, K. V. Liu, K. T. Yang and M. D. Kelleher,

Laminar natural convection in a rectangular enclosure
due to a heated protrusion on one vertical wall-—Part I :
numerical simulations, Proceedings of the ASME/JSME
Thermal Engineering Joint Conference, Vol. 2, pp. 179-
185 (1987).

. D. Wroblewski and Y. Joshi, Transient natural con-

vection from a leadless chip carrier in a liquid filled
enclosure: a numerical study, Proceedings of the
ASME|JSME Joint Conference on Electronic Packaging,
EEP-Vol. 1-1, pp. 235-248 (1992).

. M. L. Chadwick, B. W. Webb and H. S. Heaton, Natural

convection from two-dimensional discrete heat sources
in a rectangular enclosure, Int. J. Heat Mass Transfer
34, 1679-1693 (1991).

. A Carmona and M. Keyhani, The cavity width effect

on immersion cooling of discrete flush-heaters on one
vertical wall of an enclosure cooled from the top, J.
Electronic Packaging 111, 268-276 (1989).

M. Keyhani, L. Chen and D. R. Pitts, The aspect ratio
effect on natural convection in an enclosure with pro-
truding heat sources, J. Heat Transfer 113, 883-891
(1991).

M. Keyhani, V. Prasad and R. Cox, An experimental
study of natural convection in a vertical cavity with
discrete heat sources, J. Heat Transfer 110, 616-624
(1988).

. V. Prasad, M. Keyhani and R. Shen, Free convection in

a discretely heated vertical enclosure: effects of Prandtl



3996

number and cavity size, J. Electronic Packaging 112, 63-
74 (1990).

. M. Keyhani, V. Prasad, R. Shen and T.-T. Wong,

Free convection heat transfer from discrete heat sources
in a vertical cavity, Nawural and Mixed Convection in
Electronic Equipment Cooling (Edited by R. A. Wirtz).
ASME HTD-100, pp. 12-24 (1988).

. R. Shen, V. Prasad and M. Keyhani, Effect of aspect

ratio and size of heat source on free convection in a
discretely heated vertical cavity, Numerical Simulation
of Convection in Electronic Equipmeni Cooling (Edited
by A. Ortega and D. Agonafer), ASME HTD-121. pp.
45 54 (1989).

. K. V. Liu, K. T. Yang and M. D. Kelleher, Three-
dimensional natural convection cooling of an array of

heated protrusions in an enclosure filled with a dielectric
fluid, Cooling Technology for Electronic Equipment. p.
486. Hemisphere, New York (1988).

. Y. Joshi, M. D. Kelleher and T. J. Benedict, Natural

convection immersion cooling of an array of simulated

M. S. POLENTINI et al.

electronic components in an enclosure filled with dielec-
tric liquid. Heat Transfer in Electronic and Micro-
electronic Equipment, p. 445. Hemisphere. New York
(1990).

. Y. Joshi, M. D. Kelleher, M. Powell and E. 1. Torres,

Natural convection heat transfer from an array of rec-
tangular protrusions in an enclosure filled with dielectric
liquid, Heai Transfer Enhancement in  Electronics
Cooling, ASME HTD-183. pp. 9-18 (1991).

. M. S. Polentini, Single and two-phase thermosyphon

cooling of an array of discrete heat sources in a rec-
tangular cavity, M.S.M.E. Thesis. Purdue University
(1991).

. S. J. Kline and F. A. McClintock, Describing uncer-

tainties in single-sample experiments, Mech. Engng 75,
3-8 (1953).

. G. C. Vliet, Natural convection local heat transfer on

constant-heat-flux inclined surfaces, J. Heat Transfer 91,
511516 (1969).



