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Abstract-Experiments are performed to determine the convective heat transfer coefficients for water 
cooling of inline and staggered arrays of 30 heated protruding elements arranged in six rows. The channel- 

height-based Reynolds number ranges from I50 to S 150. The channel height is varied over values of 1.2. 
I .9. 2.7, and 3.6 element heights. The streamwise and spanwise spacings between elements are varied over 
a maximum of five values in the range of 0.54.5 element heights at each channel height. Pressure drops 
are measured in all cases. Transition Reynolds numbers are deduced from the heat transfer data. The data 
for all spacings are correlated using an array Reynolds number which accounts for a partitioning of the 
How into bypass and array Rows. Prandtl-number scaling of the results betucen air and water is investigated. 

INTRODUCTION 

THE RAPID the industry have 
in an need for and&ieient 

cooling Present trends micro- 
electronics that gate will continue 
increase as circuits achieve speeds. 
Since all of electrical energy by 
these appears as the power that 
must dissipated by chips will at a 

rate. At same time, systems pack- 
is being as compact possible, resulting 

increased power at the (group of 
level and the circuit level. 

The methods available the cooling 
electronic equipment free and con- 
vection air or as the Air cooling 

been the popular method to the 
plicity it in cooling However, limi- 

in the ability of have necessitated 
use of coolants in mainframe com- 

For indirect cooling. water be used 
of its thermophysical properties. 

with much dielectric strengths as 
fluorocarbons required if coolant comes 
direct contact the electronics. coolant could 

a phase to take of the 
high heat rates. However, 

introduces problems as acoustic electrical 
noise, and boiling 

Single phase cooling provides most 
attractive for high-heat-flux 
when the of air reaches its 
High cooling can be by single 
liquid cooling avoiding the and noise 

of two cooling. In of the 

number of dealing with cooling 

in literature, investigations single phase 
cooling of of inline staggered heated 
truding elements to be [ 11. 

A number of fundamental questions pertaining to 
the forced convection cooling of electronic compo- 
nents, especially in the context of liquid cooling, can 
be identified. In spite of several recent efforts, an 
adequate understanding of these issues is lacking. 
Questions include: (I) Under what conditions 
does a laminar-to-turbulent transition occur in chan- 
nels containing large protruding elements? (2) Do 
heat transfer characteristics scale on Prandtl number 
from air to liquids? (3) What is the contribution 
of buoyancy to the total heat transfer in a forced 
convection situation? (4) What are the appropriate 
characteristic dimensions to be used in non- 
dimensionalization? (5) What is the extent of heat 
transfer enhancement obtained by staggering the 
elements of an array relative to an inline arrangement? 

An extensive experimental study was undertaken to 
investigate the problems identified above. The ob- 
jectives of the study were : (I) to provide generalized 
single-phase liquid cooling correlations useful to the 
electronics packaging designer and (2) to gain physical 
insight into the role of large protruding elements in 
influencing mixing and hence, heat transfer. Exper- 
iments were conducted on an array of heated pro- 
truding elements in a horizontal water channel. The 
dimensions of the simulated chips were held constant 
while the height of the channel and the streamwise 
and spanwise spacings between elements were varied. 
Heat transfer coefficients were obtained over a range 
of flow rates spanning the laminar and turbulent 
regimes. Pressure drop across the array was measured 
during all the experiments. 
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NOMENCLATURE 
I 

drag coefficient at H/B = 1.2 
heat transfer coefficient based on element 
adiabatic temperature 
heat transfer coefficient based on liquid 
mean temperature 
channel height 
thermal conductivity 
element planform length 
reference dimension 
longitudinal spacing (streamwise 
spacing) between elements 
Nusselt number for pure forced 

PS.” 
Pr 
R 
Re, 
ReH 
ss 
T 

Tll 

upstream static pressure 
Prandtl number 
heater resistance 
array Reynolds number, b’,B:‘v 
channel Reynolds number. C',,,H'v 
spanwise spacing between elements 
element adiabatic temperature 
element temperature 
bulk-mean liquid temperature 
reference temperature 
array velocity 
mean-inlet velocity 
reference velocity 
voltage applied to heater. 

active surface area of heater 
element height 
drag coefficient 

convection Greek symbols 
Nusselt number for natural convection F kinematic viscosity 
downstream static pressure P density. 

PREVIOUS WORK 

an effort simulate the geometries 
characteristic electronics cooling 
investigators have used smooth-walled 

with different boundary 
conditions, spanwise or 
ribs. or of discrete pro- 
truding 

To the of the there are 
studies in literature that with experiments 
forced convective cooling of of heated 

elements. However, investigators 
have heat transfer sources that flush 
with channel wall. et al. presented 
results a single element as as an 
of I2 with water a dielectric FC- 
77, coolants. Arrays copper pin mounted 
on flush heaters shown to the heat 

by an of magnitude an extension 
this work Kelecy ef [3]. Samant Simon [4] 

results for transfer from high- 
heat-flux to organic 

Forced convective cooling on other hand, 
received significant Moffat et [5] 

studied effect of height and 
variations on heat transfer an array cubi- 
cal in forced flow. It found that 
transfer from elements was primarily 
by flow rate air below crests of elements, 
with playing a role. The 
of missing height differences 
elements, and barriers on transfer and 

drop in of rectangular were 
studied Sparrow et al. [6]. More recently, Anderson 
and Moffat [7] suggested the introduction of scoops 
in the low-velocity recirculation region downstream 

of each chip to enhance thermal mising and thus 
reduce overall temperature rise 

Numerous studies of two-dimensional rectangular 
ribs have appeared in the literature. Ribs serve as a 
two-dimensional simplification of the more complex, 
three-dimensional chips. In a study of the effect of rib 
spacing and channel height, Lehmann and Wirtz [8] 
found that heat transfer was enhanced at the larger 
spacings due to interaction between the main channel 
flow and the cavity flow. Han et al. (91 studied the 
effect of rib geometry on friction factor and Stanton 
number for fully-developed turbulent air flow. The 
ribs were treated as classical roughness and a 
maximum in heat transfer was found to occur at a rib 
spacing-to-height ratio of 9. 

Kader and Yaglom [IO] made the first clear dis- 
tinction between three- and two-dimensional rough- 
ness. The heat transfer dependence on roughness 
Reynolds number derived in their model was different 
for the two kinds of roughness. A similar difference 
in the heat transfer dependence on Reynolds number 
was noticed by Garratt and Hicks [I l] and Webb et 

rd. [ 121. This would suggest that on a larger scale, two- 
dimensional ribs would behave differently from three- 
dimensional protruding elements. 

Detailed literature reviews have been compiled by 
Nakayama [I31 for general research topics in elec- 
tronics cooling, by Moffat and Ortega [I41 for air 
cooling, and by Bergles [ 151 for liquid cooling. These 
reviews further confirm the absence of studies of single 
phase liquid cooling of three-dimensional protruding 
elements. 

EXPERIMENTAL SETUP AND PROCEDURES 

A horizontal Plexiglas water channel was used for 

the experiments. An array of heated protruding 
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elements was installed in the bottom wall of the test 
section, and the temperature of each element was mea- 
sured over a range of flow rates and heat fluxes. Four 
different channel heights were used and the streamwise 
as well as the spanwise spacings between elements 
were varied over a maximum of six values each. Flow 
visualization was carried out using dye entrainment 
and hydrogen bubbles. Details of the experimental 
setup and methods are presented below. 

The water channel 
The experiments were performed in a water channel 

with a 36.6 cm by 6.7 cm cross section and a total 
length of 180.3 cm. A schematic of the flow loop is 
shown in Fig. 1. The overhead reservoir provides a 
constant head for the gravity-fed water supply into 
the flow channel. Water enters the horizontal channel 
through a 5 cm i.d. pipe and is smoothly expanded to 
the full channel cross section in a diverging section 
that has side walls machined to a fifth-order poly- 
nomial shape designed to minimize separation. A 
combination of five screens and a 7.6 cm length of 
honeycomb are located upstream of the test section 
to produce a uniform flow across the channel cross 
section. All walls of the channel were fabricated from 
I .9 cm thick Plexiglas. 

The aspect ratio of the test section can be Mried 
using a splitter plate that can be positioned at four 
different vertical locations of 1.4, 2.2, 3.2 and 4.2 cm 
from the bottom surface. As shown in Fig. I, the 
splitter plate extends from 9 cm downstream of the 
screens to the end of the channel. Water exits from 
the two channels through separate pipes and is col- 
lected in the overflow tank, to be pumped back into 
the overhead reservoir. The lower of the two channels 
has two screens in the exit section to prevent propa- 
gation of exit disturbances upstream. One valve at the 
inlet and two downstream are used to set the required 
flow rates in the two channels formed by the splitter 
plate. A rotameter is installed in each of the two exit 
lines to measure flow rate. To improve the accuracy 
of reading, three rotameters with ranges of O-IO, 2- 
20. and S-50 gallons per minute (O-631, 126-1262, 
and 3 15-3 I55 cm’ s- ‘) are used as necessary at the 
exit of the lower channel. 

Test section 
A detailed view of the test section is provided in 

Fig. 2(a). Flow rates in the two channels are adjusted 
so that the flow approaching the leading edge of the 
splitter plate passed smoothly over, without causing 
a separation bubble on either side. The leading edge 
of the plate has a bullet-shaped profile. Hydrogen 
bubbles and dye sheets were used to establish the 
uniformity of flow passing over the splitter plate as 
well as downstream of the leading edge. In what 
follows, the term water channel will be used to denote 
the lower of the two Row paths formed by the splitter 
plate. 

The bottom wall of the channel is equipped with 
two detachable hatches fabricated from 2.5 cm thick 
Plexiglas. The smaller upstream hatch is 3 I .5 cm wide 
and 10.2 cm long and houses dye wells with slits span- 
ning the width of the channel. The slits are located I4 
and 23 cm upstream of the first row of heat source 
elements. Uniform sheets of dye can be entrained in 
the flow from either slit for flow visualization. This 
hatch can be replaced by another hatch which holds 
a 25 Ltrn nichrome wire strung spanwise to generate 
hydrogen bubbles in the flow. This wire is held taut 
between two supports projecting into the flow from 
the hatch. The support rods can be moved up and 
down through compression fittings in the hatch so 
that hydrogen-bubble tracers are produced at any 
height in the channel. 

The larger hatch is 31.5 cm wide and 45.7 cm long 
and constitutes the bottom wall of the test section. 
Thirty heated elements are mounted on this hatch in 
six spanwise rows of five elements each. Details of the 
heat source assembly are provided in Fig. 2(b). Each 
element consists of a copper block (2.54 cm by 2.54 
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FIG. 2. (a) Schematic of the test section. (b) Detail of the 
heat source assembly. FIG. I. Schematic of the liquid cooling test facility. 
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cm by I cm high) that is partially hollowed out from 
the bottom face. A square, 100 W thin-film heater, I .9 
cm on the side, is attached with thermally conducting 
epoxy (Epo-Tek 930-I. k = 2.2 W m- ’ K- ‘) to the 
underside of the top face. This epoxy is made from 
boron nitride and is electrically insulating. The hollow 
is filled with the same epoxy. A thin square of high- 
density polyethylene (0. I6 cm thick) is used to provide 
an insulating base (k = 0.4 W m- ’ K- ‘). The entire 
assembly was clamped and cured in a furnace. One 
thermocouple is located in a 0.2 cm diameter hole 
drilled from the back, halfway into the top face of the 
block as shown in Fig. 2(b). The hole is filled with 
epoxy to provide adhesion and thermal contact for 
the thermocouple junction. The elements are mounted 
on the hatch at prescribed spacings and the heater 
and thermocouple lead wires extend through 0.6 cm 
diameter holes drilled in the hatch under each element. 

The heaters have a nominal resistance of 7 R each 
and are designed for 25 V operation. The heaters are 
made from Inconel etched foil. sandwiched between 
Kapton insulating sheets. All heaters are connected in 
parallel across a pair of bus bars and operated at the 
same voltage. Inconel was chosen as the heating foil 
material due to its negligible temperature coefficient 
of resistance (0.0001 R R- ’ K- ‘). Voltage and resist- 
ance were measured using a Fluke Digital hlultimeter 
(model SSZOA), with an accuracy of O.OOLV and 0.001 
R. respectively. The voltage supplied to the heaters 
was maintained constant to within I mV (iO.Ol%). 
The resistance of the heaters, measured after every 
test run, was found to remain constant to within 5 
mR (+0.07%). The thermocouples were connected 
through a Fluke Helios I data acquisition system to 
an IBM Psi2 computer. Temperature readings were 
sampled at 0.1 Hz and averaged over a period of 
approximately 5 min. Heater power levels of 30 and 
20 W were used as necessary to ensure that the ele- 
ment-to-coolant temperature difference was always 
greater than 7’C. The maximum temperature differ- 
ence was 2O’C, with a typical coolant temperature of 
15-c. 

Two static pressure taps of 0.06 cm diameter are 
located in the bottom wall to measure pressure drop 
across the array. The taps are connected to a Validyne 
pressure transducer. The transducer was calibrated 
against a U-tube manometer with a +0.3 N m-l 
(0.025 mm water) reading accuracy. The uncertainty 
in the pressure drop measurements was within 
+0.5 N m-‘. 

The uniformity of flow in the water channel was 
verified before any tests were conducted. with a 
smooth wall in place of the heater array. Dye entrain- 
ment as well as hydrogen-bubble sheets were used to 
check the uniformity of the flow and to ensure that 
no major disturbances propagated from upstream 
into the test section. 

Calculation of the heat transfer coeficietlt 
Each element was assumed to be isothermal and 

the Plexiglas substrate was treated as being adiabatic 

in the calculation of the heat transfer coefficient. Sub- 
strate conduction losses were estimated to constitute 
less than 0.4% of the total heater output. Conduction 
through the thermocouple and heater lead wires was 
estimated to be well below 0.6%. A simplified cal- 
culation. assuming an emissivity of 0.5 for partially- 
oxidized copper, yielded a radiation contribution to 
heat transfer of the order of0.4% of the heater output. 
The emissivity value used is for air as the surrounding 
medium, since data are not available for emissivity in 
water. 

Heat transfer coefficients were calculated for each 
individual heated element as follows : 

11 = ( V2/R),‘[.4(Th - T,,,)] (I) 

where V is the voltage applied, R the resistance of 
each heater, and Th the element temperature. The 
active surface area of each element, il (16.77 cm’), 
consists of the top surface and the sides. Two reference 
temperatures (r,,,) were used in the definition of It : 
the spanwise-averaged bulk-mean temperature of the 
fluid at the element location (T,,,), and the adiabatic 
temperature of the element (ra,,). The effect of the 
choice of reference temperature will be examined in 
the next section. A detailed uncertainty analysis 
revealed uncertainties in the heat transfer coefficients 
obtained in this study to be within &4%. 

Results are presented in terms of the non-dimen- 
sional parameters, Nusselt number and Reynolds 
number, defined as 

NL~ = IlBjk; RC = U,,rL,,i.\ (3 

where B is the element height, and r the kine- 
matic viscosity of the coolant fluid. Two definitions 
of Reynolds number were used. The first is the familiar 
channel Reynolds number, Re,, where the reference 
velocity Urrr is the velocity at the entrance to the test 
section. and the characteristic dimension Lrer is the 
channel height, H. A second choice of Re is the array 
Reynolds number, Re,, where Lrcf is the element 
height B and CJr,r is the array velocity defined as 

0; = r/,(C,jC*,)’ ? (3) 

where CJ,,, is the mean-inlet velocity and C,, the drag 
coefficient defined as 

c* = (P,.” - P,.d)l(l/2/JX). (4) 

The numerator in equation (4) is the difference 
between the static pressures upstream and down- 
stream of the array, and represents the form drag 
encountered by the flow passing through the array 
(neglecting skin friction). The fraction ofthe incoming 
flow that actually flows through the array is a function 
of the channel height. The drag coefficient at the low- 
est channel height, Cd,,, corresponds to the situation 
where almost all of the incoming flow passes through 
the array. As the channel height increases, a greater 
fraction of the flow bypasses the array, and a decrease 
in the drag coefficient results, indicating a decrease in 
the array velocity as a fraction of the mean-inlet 
velocity according to equation (3). 
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The array Reynolds number is then given by RESULTS AND DISCUSSION 

Re, = U,B/v. (5) 

The motivation for using the array Reynolds number 
is brought out in the next section. Moffat et al. [5] 
were the first to use this concept of array velocity. 
However, a different definition was used in their study 
and was based on a ratio of pressure coefficients, 
defined in terms of the difference between the total 
pressure upstream and the static pressure downstream 
of the array. The distinction in the definition of array 
velocity used in the present study from that used by 
Moffat et al. is to be noted. 

The presentation of results will begin with the heat 
transfer and pressure drop results for the baseline 
configuration. The effects of changing the streamwise 
and spanwise spacing of elements are examined next. 
Correlations are proposed for data from all the 
spacings at the different channel heights, and for 
the staggered array. Finally, results from the present 
study are compared to studies in the literature. 

Results for the baseline conjigrrration 

Test n1atri.v 

Temperature and pressure drop measurements were 
obtained as a function of flow rate at four different 
channel heights (channel-to-element-height ratio, 
H/B = 1.2, 1.9, 2.7, 3.6). The flow rate was varied 
from 0.06 to 1.9 kg s- ’ in approximately 15 in- 
crements. The following spanwise (S.S) and stream- 
wise (or longitudinal, JX) spacings between elements 
of the array were investigated : 

LS’B= 6.5.4.3,2.2,1.1,0.5 

Heat transfer coefficients for the baseline con- 
figuration with LSjB = SS/B = 2.2 are presented in 
this section. All 30 elements were heated in these 
experiments. 

(with constant SS/B = 2.2) 

SS; B = 6.5.2.2,O.j (with constant LS/B = 2.2). 

The array with LS/B = SS/B = 2.2 was designated as 
the baseline configuration for which all 30 elements 
were heated. Use of an array with all elements heated 
allowed a comparison of the bulk-mean temperature 
(r,,,) and the adiabatic element temperature (T,,). 
Further, a fully heated array made it possible to inves- 
tigate the behavior of heat transfer coefficients with 
increasing row number and to verify the spanwise 
uniformity of heat transfer coefficients of the elements 
in each row. Experiments to study the influence of 
spacing between elements were performed with only 
one heated element, the remaining elements being 
made of Plexiglas. The heated element was positioned 
in the fully developed region of the flow, which will 
be identified in the next section. Results were also 
obtained for a staggered array, where alternate rows 
in the baseline configuration were shifted sideways by 
one element width (i.e. by SS/B = 2.2), leading to an 
LS,:B of 6.5. 

Variations across rows and columns : filly developed 
region. The variation of heat transfer coefficient 
with row number is shown in Fig. 3 for two channel 
Reynolds numbers each at three channel heights. 
At Re, = 5150, there is a drop in the heat transfer 
coefficient as the row number increases, reaching an 
asymptotic value by the fourth row. The dependence 
of the heat transfer coefficient on row number 
decreases both with increasing channel height and 
with decreasing Reynolds number. From an exam- 
ination of the data in Fig. 3 and all other data from 
this study, it was deduced that the heat transfer 
coefficient can be considered to have reached a row- 
number-independent, fully developed value by the 
fourth row for all test runs. The attainment of fully 
developed conditions downstream of three to four 
rows was also observed by Moffat et al. [5] and 
Sparrow et al. [6]. 

Each data point in Fig. 3 represents the average of 
heat transfer coefficients across the five columns in 
each row. The maximum variation within each row 
was 5% for the lowest channel height, decreasing to 
3% at the highest channel height. The flanking col- 
umns in each row had higher heat transfer coefficients 
than the interior columns, due to greater ventilation. 
In the interior three columns, the variation in heat 
transfer coefficient was well under I % for all cases. 

Based on this occurrence of row-independent heat 
transfer coefficients after the first three rows. a fully 
developed heat transfer coefficient was calculated for 

Temperatures were also measured at each channel 
height with zero flow for the baseline configuration 
to determine natural convection heat transfer coeffi- 
cients. After an initial rapid rise, the element tem- 
perature approached an asymptotic value when 
the rate of heat input to the element was equal to the 
rate of heat loss from the fluid within the array into 
the fluid away from the array. Natural convection 
coefficients were based on the average of the asymp- 
totic temperatures reached by the interior elements of 
the array. The coefficients obtained in this manner 
agreed well with the values obtained by extrapolating 
the forced convection curves (Nu vs Re,,) to zero flow 
rate (Re, = 0). 
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FIG. 3. Variation of heat transfer coefficient with row 
number. 
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the array at each flow rate. This was obtained as 
the average of heat transfer coefficients over the I5 
elements in the last three rows of the array. In the 
rest of this paper, only fully developed heat transfer 
coefficients will be presented for each case. 

Efict of channel height. The variation of the fully 
developed Nusselt number with channel height for 
five channel Reynolds numbers is shown in Fig. 4. 
The Nusselt number decreases with increasing H,‘B 

and with decreasing Re,. As the channel height 
increases at a constant Re,, the inlet velocity C’, 
decreases (equation (2)). In addition. the flow follows 
a path of least resistance, and more of the flow 
bypasses the array. This causes a lower local velocity 
in the array and results in the lower heat transfer 
coefficients seen in the figure. As channel height 
increases, the Nusselt number becomes less dependent 
on channel height and seems to approach an asymp- 
totic value. This might indicate that beyond a certain 
H,‘B. there is only an insignificant change in the velo- 
city seen by the array with further increases in the 
channel height, leading to an almost-invariant value 
for the heat transfer coefficient. It appears that at large 
values of H/B, the effect of the protruding elsments is 
confined to a ‘boundary layer’ at the lower ivaIl. 

The decrease in the dependence of Nusselt number 
on channel height is seen from Fig. 4 to be Icss pro- 
nounced at the lower Reynolds numbers! Tile rcsist- 
ante offered by the array can be characterized by the 
pressure drop across the array. Since the pressure 
drop varies as the square of velocity, the resistance 
to flow decreases more rapidly than the Reynolds 
number. This implies that at lower Re”. the array 
offers a smaller resistance to flow, less of the flow 
bypasses the array, and the channel height has a 
smaller influence on the heat transfer coefficient. 

Adiclbrrtic fetnperature. Adiabatic temperature is the 
temperature attained by an element when its own 
power is turned off while the rest of the array is 
powered. It thus represents the temperature of the 
heated wakes produced by the upstream elements. 
Heat transfer coefficients based on bulk-mean liquid 
temperature (/I,) were compared with those based 
on the element adiabatic temperature (II,,). The 
coefficients differed in magnitude by an average of 5% 
at H,‘B = 1.9 and 3% at H/B = 3.6. T.,, being greater 

FIG. 4. Variation of Nusselt number with channel height. 

than r,,,. These results indicate that for the present 
study, either reference temperature ( TAd or T,) can be 
used interchangeably in the heat transfer coefficient 
calculation. with a resulting uncertainty of less than 
5%. A discussion of the choice of reference tem- 
perature is available in Moffat et al. [5]. 

Effht I$ Repolrls number. The Nusselt number is 
shown in Fig. 5 as a function of channel Reynolds 
number for the four different channel heights. In an 
attempt to separate the effect of buoyancy from the 
convective heat transfer coefficient, the superposition 
approach suggested by Acrivos [ 161 ivas used. In this 
approach. it is assumed that the Nusselt numbers due 
to natural convection and pure forced convection can 
be summed to yield an effective Nusselt number as 
follows : 

n;lP = VU’; + Nu’;. (6) 

The usual choice for the exponent, n, in the literature 
appears to be 3. The natural convection Nusselt num- 
ber was calculated from the measured heat transfer 
coefficients at zero flow, and the forced convection 
Nusselt number u’as deduced from equation (6) using 
the measured \~alucs of NU at various flow rates. Only 
the estimated purely forced convective component of 
heat transfer coeficient (Nu,) is shown in Fig. 5. The 
difference betaeen NU and NL+ was found to decrease 
as the Reynolds number increased and as the channel 
height decreased. This is expected, since the flow vel- 
ocity increases in either instance and hence. less buoy- 
ancy effects occur. The total Nusselt number, Nu. was 
greater than ‘VU, by less than I% for most flow rates 
at H/B = 1.2. increasing to a maximum of 5% for 

HiB = 3.6 in the turbulent flow regime. In the data to 
be presented henceforth, only the total Nusselt num- 
ber (Nu) is used in view of this small contribution of 
buoyancy in the turbulent flow regime for all channel 
heights. 

The Nusselt number in Fig. 5 increases as channel 
height decreases, as seen previously in Fig. 4. Two 
distinct regimes can be identified in Fig. 5. indicating a 
transition from laminar to turbulent flobv. Transition 
occurs at channel Reynolds numbers of approxi- 
mately 700 for H;B = I .2, 950 for H. B = I .9. 1550 
for H/B = 2.7. and 1900 for H/B = 3.6. These results 

FIG. 5. Variation of Nusselt number with channel Reynolds 
number, baseline configuration. 
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correspond well with transition Reynolds numbers 
inferred from flow visualization. 

Pressure drop. Results for the static pressure drop 
are presented in Fig. 6 in non-dimensional form as the 
drag coefficient defined in equation (4). At Reynolds 
numbers lower than 700 and 2000 respectively for the 
larger channel heights with H/B = 2.7 and 3.6, the 
pressure drop decreases to become comparable in 
magnitude to the error in measurement. The data in 
these regions are not shown. At each channel height, 
the drag coefficient initially drops rapidly as the 
Reynolds number increases but soon reaches a steady 
value. The Reynolds numbers beyond which the dray 

coefficient becomes constant are approximately equal 
to those deduced previously for transition. This indi- 

cates that the drag coefficient decreases in the laminar 
regime as Reynolds number increases but attains a 
constant value in the turbulent regime. The results 
also show that as the channel height increases, press- 
ure drop decreases sharply. In a typical case at a 
Reynolds number of 4800. the values of C, were 0.55, 
0.29. 0.17. and 0.10 for H/B = 1.2, 1.9, 2.7, and 3.6 
respectively. These drag coefficients correspond to 
actual pressure drops of 32. 7, 2, and 0.7 N m- ‘. 

Arm_v Repolds number. It is clear from Fig. 5 that 
Nusselt number is parametric in H/B. In an attempt 
to exclude H/B as an explicit parameter from the 
Nusselt number representation of Fig. 5, the array 
Reynolds number defined in equation (5) was used. 
The motivation for this definition is as follows. The 
channel height affects heat transfer by affecting the 
velocity to which the elements are exposed. The flow 
approaching the array partitions into a bypass flow 
over the array and a flow through the array, depend- 
ing on the pressure drop in each of these flow paths. 
Since the skin friction due to the channel walls is 
small, most of the measured static pressure drop must 
be due to the form drag of the elements, which 
decreases with increasing channel height. To equalize 
pressure drops in the two flow paths, the bypass vel- 
ocity would have to be much higher than the array 
velocity. The array velocity can be estimated from the 
mean-inlet velocity using pressure drop data, as given 
by equations (3) and (4). It is to be noted that, at the 
lowest channel height, H,‘B = 1.2, the average velocity 

at any cross section of the array is nearly equal to the 
mean-inlet velocity since there is negligible bypass 
Row. 

The variation of Nusselt number with array 
Reynolds number for the four channel heights is 
shown in Fig. 7. The adiabatic heat transfer coefficient 
is used to calculate Nusselt number for consistency 
with data to be presented shortly. Only data in the 
turbulent regime are presented since a correlation is 
not attempted in the laminar-transition regimes. Data 
for all but the lowest channel height are seen to col- 
lapse onto a straight line, showing that the array vel- 
ocity is indeed the physically important reference vel- 
ocity. 

The fact that data for the lowest channel height lie 
on a separate line indicates that the mechanisms of 
heat transfer must in some way be different for this 
case. At the three larger channel heights, the top 
surface of each element is exposed to the bypass 
velocity. However. for the lowest channel height, there 
is little exposure for the top surface of elements to 
cooling flow. and hence very little convection occurs 
from the top. Since the top surface of an element 
constitutes about 40% of the total cooled surface area. 
the Nusselt numbers for the lowest channel height are 
lower. 

Results for other conjigwntions 
For this segment of the study, all but one of the 30 

elements were made from Plexiglas. With only one 
element heated. the heat transfer coefficients that 
result from the data are based on the adiabatic element 
temperature, which is equal to the bulk-mean liquid 
temperature (r,,,). The single heated copper element 
was placed in the central column of the fifth (pen- 
ultimate) row of the array so as to locate it in the 
fully developed region of the flow. For the array with 
LSjB = 6.5, only four rows could be accommodated 
on the hatch, and the heated element was placed in 
the third row. 

Strenmwise ardspanwise spacings. Streamwise spac- 
ing between elements was found to have a strong effect 
on the heat transfer coefficient. Figure 8 shows the 
heat transfer coefficient at five values of LS/B (with 
constant SSiB = 2.2) as a function of Re, for 
H/B = 3.6. Results for all five spacings in Fig. 8 show 
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coefficient. H B = 3.6. 

that the heat transfercoefficient increases with increas- 
ing streamwise spacing and with increasing Reynolds 
number. Data for the two smaller spacings, 
LS;B = 0.5 and I.f, he in a distinct set towards the 
lower part of the graph, while data for the three larger 
spacings, LSjB = 2.2, 4.3, and 6.5, lie together in a 
higher group, implying two different flow regimes. 

At smaller streamwise spacings, confined flow exists 
in the cavities between elements in each column. 
Heated fluid recirculates in these cavities and does not 
get carried away. In contrast, with the larger spacings 
between elements, it appears that the flow that scp- 
atates from the leading edge of an element reattaches 
in the cavity just downstream. Heated &rid between 
elements is carried away by the main flow. resulting 
in higher heat transfer coefficients. Flow visualization, 
as well as an observation of the thermal wakes made 
visibIe due to their different refractive index, support 
this theory. The delineation of interacting and con- 
fined cavity flows demonstrated by the data cor- 
responds to that suggested by Perry et al. [ 171 for two- 
dimensional ribs. In their study. it was proposed that 
the cavity flow is completely confined for an U/B less 
than 2, with increasing interaction as LS~‘B increases 
beyond 2. 

The effect of streamwise spacing on heat transfer 
coefficient at the lower channel heights with ff/B = 2.7 
and 1.9 (not shown) was similar to that observed 
above for H/B = 36. However, the results for 
H/B = 1.2 differed with regard to the value of M/B 
at which the cavity Row changes from confined to 
interacting behavior. Cavity flow appeared to start 
interacting with the throughflow between columns (no 
bypass flow) at a streamwise spacing of L.S:B = 4.3 
in this case. 

In a study using transverse ribs. Lehmann and 
Wirtz [S] found that the heat transfer coefficient 
increases with increasing streamwise spacing. Moffdt 
and Ortega [I41 observed that for transverse ribs. an 
upper limit occurred at an LSjB of 4 for the increase 
in heat transfer coefficient with increasing streamwise 
spacing. Such an upper limit might also exist for three- 
dimensional protruding elements. but no limit was 
encountered in the LS/B range of 0.Sa.S used in the 
present study. 

Spanwise spacing was found to have a smaller effect 

FIG. 9. Correlation of data for ail inline spacings. 

on the heat transfer coetTicient compared to stream- 
wise spacing. A variation in LS B over the range 
0.5-6.5 causes a spread of 3540% in the heat transfer 
coefficient at any channel height, vvhereas for the same 
range of variation of SS!B. the spread is only 15%. 
At the larger channel heights, data for the spacings of 
SS/B = 2.2 and 6.5 lie together, well above those for 
SS;B = 0.5 vvhere the rows of elements behave like 
t~vo-dimension~~l ribs with hot recirculation regions 
trapped between rows. At the lowest channel height 
of H, 5 = 1.2. however. the spacing of SS.‘R = 2.2 
yields higher heat transfer coefficients than the other 
two spacings ofSSi5 = 0.5 and 6.5. The heat transfer 
coefficient is lower when the spanwise spacing is either 
so small as to obstruct the Bow (rows approach rib- 
like behavior) or large enough to allow little intsr- 
action of the wakes from neighboring elements. Heat 
transfer coefficients for all spdnu-ise spacings are 
included in Fig. 9 to be discussed shortly. 

Stqpretl nrnz_r. Alternate rows of elements from 
the baseline configuration were staggered by one 
element width as shown in the inset of Fig. IO. The 
enhancement in heat transfer resulting from stag- 
gering the elements, when compared to the cor- 
responding inline array, was of the order of 40% for 
H 5 = 1.2. IS% for H,‘B = 1.9, 9?/0 for H:B = 2.7. 
and 7% for H B = 3.6. Staggering the elements yields 
the maximum advantage when most ofthe flow passes 
through the array. that is. at the lowest chnnnei height. 
As the channel height is increased. the amount of 
bypass flow increases relative to the array flow. and 
staggering the elements has a diminishing impact 
on heat transfer. Results for the staggered array 

FIG. 10. Correlation of data for ths stqgsred array 
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are shown in Fig. 10 and discussed in a subsequent nel height), the heat transfer coefficient of an element 
section. is sensitive to the wakes ftom surrounding elements. 

Pressure drop. The pressure drop was observed to 
increase as the streamwise spacing was increased for 
all channel heights. The drag coefficient increased by 
approximately 150% at all channel heights for an 
increase in the streamwise spacing from an LS/B of 
0.5 to 6.5. 

The pressure drop for staggered arrays was greater 
than for the corresponding inline arrays, as expected. 
The difference in pressure drop between the two con- 
figurations was greatest at the lowest channel height 
and decreased as the channel height increased. At 
H/B = 1.2, pressure drop for the staggered array was 
greater than for the inline array by almost 110%. 
decreasing to a difference of 35% at H;B = 1.9. 20% 
at H/B = 2.7, and 18% at H/B = 3.6. 

Heat transfer coefficients for the staggered array 
are presented in Fig. 10. The ordinate is calculated 
with a value of 6.5 for LSjB. A comparison of Figs. 
9 and 10 shows that the enhancement is most sig- 
nificant at the lowest channel height. as described 
earlier. Correlating equations for the staggered array 
are given as follows. For the larger three channel 
heights, the Nusselt number is given by 

Nu = I.26Re~5”(LS~B)o~‘5 (9) 

and for H/B = 1.2. the equation is 

NU = 0 93Re.“-S’(LS/B)o.‘5. . 4 (10) 

The experimental data exhibit a standard deviation of 
3.3% from equation (9) for H/B = 3.6, 2.7. and 1.9, 
and 2.4% from equation (IO) for H/B = 1.2. 

OwraN heat transfer correlation 

Heat transfer coefficients at the different channel 
heights for each array configuration discussed above 
were found to exhibit the same Reynolds number 
dependence when the array Reynolds number was 
used, just as was observed with the baseline array. An 
attempt was made to correlate the data for all the 
streamwise and spanwise spacings. The streamwise 
spacing, LS/B, was used as a parameter. Due to the 
limited influence of spanwise spacing on heatiraclsfer 
coefficients. especially at the larger channel heights as 
discussed above, S.S:B was not a parameter in the 
correlation. The resulting correlation, along with the 
experimental data for all the streamwise and spanwise 
spacings (274 points). is shown in Fig. 9. Data for the 
three larger channel heights at all spacings collect 
around a straight line in the log-log plane. A least- 
squares curve fit to this data yields the following cor- 
relating equation : 

Comparison with other studies 
The liquid-cooling results of the present study are 

compared with several air-cooling studies in the litera- 
ture. The correlations proposed above cannot be used 
directly in the comparisons since the array Reynolds 
number is not available for these studies. Though 
Moffat et al. [j] also used an array Reynolds number 
in correlating their data for air cooling. a different 
definition was used in their study. The comparisons 
made here are based on the channel Reynolds number. 
Experimental data used from the present study in the 
comparisons are those that approximate the geometry 
of the other studies as closely as possible. and are 
indicated on the figure. 

Nu = l.31Re~48(LS/B)o~‘5. (7) 

Predictions using this equation differ from the exper- 
imental data by a standard deviation of 7%. Data for 
the lowest channel height collapse around a different 
line that lies below the line for the larger channel 
heights, as was seen in Fig. 7 for the baseline con- 
figuration. The correlating equation for the lowest 
channel height is given by 

The Nusselt numbers for the three-dimensional 
protruding elements from the present study- are con- 
trasted with those of Moffat et al. [.5] and Sparrow et 
al. [6] in Fig. 11, to investigate scaling betaeen air and 
water. For this purpose, the Nusselt numbers from 
each study are scaled with Pro-“. Prandtl number 
was not a parameter of investigation in any- of these 
studies. Therefore, the exponent of 0.35 for the 
Prandtl number was chosen based on the suggestion 
of Kelecy et al. [3]. Prandtl number scaling provides 
good agreement between the present study and that 
of Sparrow et al., with only a 2.5% deviation at the 
higher Reynolds numbers. 

Nu = 0.76Re~~3’(LS/B)o.‘5. (8) 

The standard deviation of the experimental data for 
H/B = I.2 from this equation is 6.5%. 

.-. l+e,ent study (Ls/&.0.5. H/B-1.9) 

100 - spcm0.v et a,.. ,982 (LS/B=O.5. H/9=, -7: 

The influence of spanwise spacing is evident in Fig. 
9, especially at the lowest channel height. The two sets 
of data that lie below the rest of the data for H/B = I .2 
correspond to spanwise spacings with SSjB of 0.5 and 
6.5. When only the streamwise spacings are considered 
in the correlation, the scatter in the data is much 
lower. The constant in equation (8) is then 0.70 and 
the Reynolds number exponent is 0.54, with a stan- 
dard deviation of only 2.5%. This demonstrates that 
when the bypass flow is negligible (at the lowest chan- 

*- -* hr.4 stu*y (U/L*Z.O. E-i/B-1.9) 
- - Mamt et Of.. 1986 (LS/L.Z.O. H/B-2.3) 
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of Moffat er al. [5] and Sparrow el al. [6]. 



2668 S. V. GAKIMELLA and P. A. EIBECK 

The results of Moffat er al. follow the same Reyn- 
olds number dependence as the present study since 
the slopes of the two curves are equal (0.65). but their 
results lie 18% higher than the present results. One 
possible explanation for this discrepancy is the differ- 
ence in the chip length-to-height ratio (L B) of the 
two studies (L;B = 1 for Moffat er al.. 2 for the present 
study). There is evidence in the literature that the 
aspect ratio of the heat source element affects the heat 
transfer coefficient. In a study with ribs. \L’ieghardt 
[IS] showed that the drag coefficient increases as the 
rib length-to-height ratio (L/B) decreases. for values 
of this ratio less than 5. Most electronic chips fall into 
this category and it would be reasonable to expect the 
heat transfer coefficient to show an analogous trend. 
The higher heat transfer coefficients of Moffat cl al. 
could thus be due to their ‘taller’ chips, with a smaller 
L B ratio than that of the present study. From this 
discussion, the chip length-to-height ratio (L B) sug- 
gests itself as a parameter for future investigation. 

CONCLUDING REMARKS 

The research reported here appears to be the first 
systematic investigation of single phase liquid cooling 
of arrays of large protruding elements. Heat transfer 
and pressure drop measurements were obtained at 
several channel heights and over a rangcofylement 
spacings. 

Transition was found to be strongly dependent on 
channel height. The channel Reynolds number for 
transition was 700 for an H/B of I.2 increasing to 
1900 for an H B of 3.6. Fully developed conditions 
with respect to heat transfer were found to exist at the 
fourth and all subsequent rows of the array for all 
conditions of this study. 

The Nusselt number decreased with increasing H/B 
and approached an asymptotic value for large H/B. 
In the turbulent forced convective regime. the con- 
tribution of freeconvection to the overall heat transfer 
coefficient was well within 5%. 

All the data were successfully correlated using an 
array Reynolds number, which accounted for the par- 
titioning of the approach flow into a bypass flow and 
an array flow. There is no bypass flow at the lowest 
channel height where the top wall is very close to the 
tops of elements. and this leads to lower heat transfer 
coefficients (at a given array Reynolds number) at this 
channel height. The element height B was found to be 
the appropriate characteristic dimension for non- 
dimensionalization. 

Streamwise spacing between elements was found to 
have a more significant effect on heat transfer than 
the spanwise spacing. The heat transfer coefficient 
increases with increasing streamwise spacing. due to 
an increasing interaction between the cavity flow and 
the main flow. Staggering the elements of the array 
caused increases in the heat transfer coefficients by 
amounts ranging from 40% at the lowest channel 
height to 7% at the highest. 

Results from the present study agree well with 
results from the literature for air cooling of elements 
of similar shape when both are normalized against 
Prandtl number. However, the agreement is less 
satisfactory when air-cooling results from ‘taller’ 
elements are considered. This suggests the length-to- 
height dimensional ratio of the element as a poten- 
tially important purametcr for investigation. 
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CARACIERISTIQUES DE TRANSFERT THERMIQUE POUR UN ARRANGEMENT 
D-ELEMENTS PROTUBERANTS EN CONVECTION FORCEE MONOPHASIQUE 

R&urn&Des exp&riences sent conduites pour determiner les coefficients de transfert convectif de chaleur 
pour des arrangements en ligne ou en quinconce de 30 elements protuberants disposes en six rang&es. Le 
nombre de Reynolds base sur la hauteur de canal varie de 150 a 5150. La hauteur du canal varie selon les 
valeurs 1,2, 1,9, 2.7 et 3,6 hauteurs d’blement. Les espacements longitudinaux et transversaux entre les 
elements varient jusqu’l un maximum de cinq valeurs entre 0,5 et 6.5 fois la hauteur de l’tliment, pour 
chaque hauteur du canal. Les pertes de pression sont mesurees dans chaque cas. Les nombres de Reynolds 
de transition sont deduits des don&s de transfert thermique. Les dontrees pour tous les espacements sont 
unifi&es en utilisant un nombre de Reynolds d-arrangement qui tient compte de la partition de I’ecoulement 
en ecoulements de bypass et de nappe. On etudie l’intervention du nombre de Prandtl en considerant les 

resultats avec fair et l’eau. 

WARMEUBERGANG AN EINER RIPPENANORDNUNG IN EINPHASIGER 
ERZWUNGENER STROMUNG 

Zusammenfassung-Dcr konvektive Wlrmeiibergang an wassergekiihlten. fluchtenden und versetzten Rip- 
penanordnungen (30 Elemente in 6 Reihen) wird untersucht. Die mit der Kanalhiihe gebildete Reynolds- 
Zahl liegt zwischen I50 und 5150. Die Hijhe des Striimungskanals wird auf das 1.2: l.9-; 2.7. und 3.6- 
fache der RippenhBhe eingestellt. Die Rippenabstlnde in und quer zur Strcimungsrichtung werden Rir jede 
Kanalhohe auf hiichstens 5 Werte eingestelt. &e zwischen dem 0,5- und 6.5-fachen der Rippenhiihe liegen. 
Fur alle FHlle wird der Druckverlust bestimmt. Die Ubergangs-Reynolds-Zahl wird aus den Ergebnissen 
fur den Wlrmeiibergang ermittelt. Die Ergebnisse fiir alle untersuchten Rippenabstlnde werden mit einer 
Anordnungs-Reynolds-Zahl korreliert, die eine Aufspaltung der Strijmung in Haupt- und Nehenstrom 
beriicksichtigt. Zusltzlich wird der EinRuD der Prandtl-Zahl durch Versuche mit Luft und Wasser unter- 

sucht. 

XAPAKTEPHCTHKH TEmOIIEPEHOCA OT HAIGOPA BbICTYI-IAIO~HX 3JIEMEHTOB 
I-IPH OJJHO@A3HOR BbIHYXAEHHOR KOHBEKUHH 

Almol~IIpoaoAaT0l 3rcaepnMew JLnn 0rIpeneJIemia ro3@aroleHToe XOHaeKTHBHOrO Tellnone- 
penoca npa none~o~ oxnaxxemm 30 ~arpe~sor abaxynaiouen ~~CMC~OB, pacnonoxclu~bu B utccrb 
p%JIOB 8 SOpRsOpHOM H UlaXMaTliOM IIOpWe. %iamilie PBCna kihiOHonbXCi, patZCXHTblSaeMOe II0 

Bbmme raeam, E~MCEUICTC~ OT 1% AO 5150. BbtcoTa xaiiana BBpbapyeTcn B AH~BB~OHC 1,2; 1,9; 2,7 a 
3,6 aBa¶emrIl BbtCOTbl UleMeBTon. D~OMCB~~TBB ~exny BneMeBraMH B Banpaanemm TCPCBBB B no 
PsUMaXy EBMCHIKITCR B BBBUB3OtiB IlBlB 3HaBCBB# UPB B4lPbHIX3BBBBB BbtCOTbl BJlCMeBTOB OT 0,s 110 6.5 
a 3aBECBMocTH OT BbICOTbI 1BIiaBB. Ro ~ccx cJty¶a~x BBMeHBtoTcn nepena~br BBMemia. DO nonyscri- 
BBIM Aamibi~ JXJTB TennoncpeBoca ycTBB0Bnem.t nepcxortHble 3Haqemu mcna Pelhronanca. HpaseneHo 
cooxxiomemie Mexny u3Mepem AamQJMH Lura acex ABBBaBOHOB C HcnOmB30BBHReM mcna Petio- 
nbAIca ltne peuteTBBa, ~¶BT~IBBIOB&B pa3ncneHlre Teqemn Ha 06nac-15 o6Teramin R reqemie B peurrrre. 


