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Abstract-Forced-convection boiling experiments were performed with FC-72, a 3M Fluorinert, at 1.36 
bar on a linear array of nine discrete heat sources simulating microelectronic chips, which were flush- 
mounted in a vertical. rectangular channel. The inlet velocity and liquid subcooling were varied from 13 
to 400 cm s- ’ and 3 to 36”C, respectively. Special design of the experimental apparatus allowed each test 
to continue until all chips had reached critical heat flux (CHF) without damaging the test section. Boiling 
incipience and CHF were delayed to higher heat fluxes with increasing velocity and/or subcooling. In 
general, the position of the last chip to reach CHF moved upstream with increasing subcooling. The 
average bandwidth of CHF values for the multi-chip array, however, was only _+ 12.3%, proving that the 
discontinuity in wall heat flux between consecutive chips helped to interrupt the growth of the vapor 
blanket which commonly results in dryout at the downstream edge of long, continuously heated walls. 
Also, the small CHF bandwidth allows a correlation previously developed for CHF on an isolated chip to 

be used for an array of chips as well. 

1. INTRODUCTION 

THE CONTINUING impetus in the electronics industry is 
to increase computing power through miniaturization 

and increased packaging density of microelectronic 
components in chips, as well as through tighter pack- 
aging of multi-chip modules. Corresponding to these 
aggrandized packaging densities is a steady increase 
in heat dissipation at the chip, module, and system 
levels. For example, while heat fluxes for today’s state- 
of-the-art chips range from 5 to 40 W cmm2, it is 
expected that chips will emerge in the mid-1990s 
whose heat fluxes will reach the 100 W cm- ’ level 
[ 1,2]. Traditionally, convection from electronic hard- 

ware to the surroundings has been achieved through 
the natural, forced, or mixed convection of air ; how- 
ever, even with advances in air-cooling techniques, the 
improvements will not suffice to sustain the expected 
higher heat fluxes. As an effective and increasingly 
popular alternative to air cooling, direct immersion 

cooling features an intimate contact between a liquid 
coolant and the electronics. Direct immersion appli- 
cations utilize fluorocarbon liquids because of their 
chemical and electrical compatibility with the hard- 
ware as well as their typically low boiling points, which 
allow them to be used in pool or forced-convection 
boiling situations. 

The heat flux at which a surface undergoes tran- 
sition from nucleate boiling to film boiling is termed 
the critical heat flux (CHF). Since large increases 
in surface temperature are associated with this 
transition, CHF is an upper design and operating limit 
for heat flux in practical electronic cooling appli- 
cations. Employing flow visualization to understand 
the mechanism of CHF, Vliet and Leppert [3,4] inves- 

tigated forced-convection boiling for both saturated 
and subcooled conditions while Gaertner [.5] studied 
saturated pool boiling. At heat fluxes just prior to 
CHF, both described the development of a large 

coalescent vapor blanket above the heater surface. 
Bulk liquid had difficulty breaking through this blan- 
ket to replenish liquid evaporating in a sublayer 

between the blanket and the heater surface, spurring 
transition to film boiling. Mudawar et al. [6] observed 
CHF in falling films and noted that vigorous boiling 
prior to CHF caused the bulk of the falling film to 
separate from the heated wall, leaving only a thin 
liquid sublayer in contact with the wall. Critical heat 
flux was accompanied by dryout of the sublayer. 

Mudawar and Maddox [7] described a similar 
phenomenon for forced-convection CHF in a flow 

channel for velocities between 22 and 200 cm se ‘. 
Two important parameters which affect boiling 

heat transfer with direct immersion applications in a 
channel are the velocity and subcooling of the fluid. 
Increases in both parameters are known to increase 
CHF. Researchers have found varying CHF relation- 
ships with velocity and subcooling depending on the 
geometry of the system [3, 4, 6-91. Vliet and Leppert 
found CHF to be proportional to the square root of 
velocity for saturated flow and directly proportional 
to velocity for subcooled flow. They also found CHF 
to vary linearly with the degree of subcooling. Muda- 
war et al. noted that increasing the velocity of a falling 
film increased CHF according to velocity raised to a 
power of 0.16. 

Recently, Samant and Simon [lo] studied heat 
transfer from a 2.0 mm wide by 0.25 mm long heated 
patch mounted to one wall of a rectangular channel. 
Using R-113 and FC-72, a 3M Fluorinert, they 
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NOMENCLATURE 

;;P 
specific heat at constant pressure u mean fluid velocity 

hydraulic diameter of flow channel WC Weber number, (@‘L)/(T. 

(8 mm) 
9 acceleration due to gravity 

h, latent heat of vaporization 
Greek symbols 

k thermal conductivity P density 

L chip length in flow direction (10 mm) 
0 surface tension. 

Y” wall heat flux 
,, 

Ym critical heat flux Subscripts 

(I:* nondimensional critical heat flux Cl Chip 1 
defined in equation (1) f liquid 

T temperature g vapor 

AT,,, incipience temperature drop inc incipience 

AT,,, wall superheat, T,, - TV;,, m maximum (critical heat flux) 

ATsub degree of liquid subcooling, T,,, - T,:,, sat saturated 

A T, temperature gradient between chip and sub subcooled 
liquid, T, - Tf,c, W mean chip surface condition. 

observed increasing subcooling to extend the nucleate 
boiling region and postpone the occurrence of CHF. 
Subcooling increased the collapse rate of bubbles in 
the flow, thus retarding the development of the vapor 
blanket. Furthermore, the effect of subcooling was 

found to be more pronounced at higher velocities. 
Mudawar and Maddox [7] examined the effects of 

velocity and subcooling on CHF from an isolated, 
12.7 x 12.7 mm heat source flush-mounted in the wall 

of a vertical, rectangular channel. Using FC-72, they 
observed that increasing the velocity from 22 to 410 
cm s-’ considerably reduced the bubble size as well 
as the bubble boundary layer thickness, giving more 
opportunity for the liquid to break through the vapor 
blanket that hovered above the heater surface. Due 

to the short length of the isolated heat source 
employed in their study, boiling on the heat source 
inside the channel was similar to boiling on a surface 
with an external flow. Subcooling was varied from 0 
to 44’C and was also found to foster a thinning of 
the bubble boundary layer. They constructed a semi- 
empirical CHF model which accounted for the effects 
of velocity and subcooling according to the following 
expression : 

imental apparatus featured a rectangular copper slab 
that was machined on one end to form ten evenly- 

spaced ‘fingers’. These fingers protruded to the chan- 
nel wall to form the individual heat-dissipating 
elements. Because of this interconnection of the 
heaters, the experiments had to be terminated after 

CHF was reached for any element, thus precluding an 
analysis of the order of procession to CHF for the 
remaining heaters as well as a measure of the band- 
width of CHF values for all ten elements. The velocity 
and subcooling ranges for their experiments were 9.6 
103.9 cm s-~’ and 2&4O”C, respectively. The most 
downstream heater was virtually always the first to 
undergo a transition to film boiling, and this was 
attributed to a stream-wise decrease’ in local subcool- 
ing. Increasing the velocity and/or subcooling sig- 
nificantly extended the nucleate boiling range of the 
boiling curve for the most downstream element, hence 
increasing CHF. Their CHF data for flush-mounted 
elements were in good agreement with the CHF cor- 
relation of Mudawar and Maddox for Weber numbers 
between 100 and 1000 when the local subcooling of 
the most downstream heater was employed. 

In this paper, forced-convection boiling data taken 

Equation (1) was successful in correlating CHF data 
for flush-mounted heaters from several studies [I l- 
131; Mudawar and Maddox themselves proved the 
correlation works with Umaya’s data. 

Strom et al. [ 111 investigated the effects of velocity 
and subcooling on CHF for a linear array of ten 6.4 
mm x 6.4 mm heat-dissipating elements in a vertical, 
rectangular channel using R- 113 as a coolant. Rather 
than employing discrete heat sources, their exper- 

with FC-72 in a vertical, rectangular channel are 
reported. A linear array of nine simulated micro- 
electronic chips was flush-mounted along one side of 
the channel, and experiments were performed at I .36 
bar for velocity and subcooling ranges of 13400 cm 
s- ’ and 3--36C, respectively; properties of the test 
fluid at these conditions are given in Table 1. The 
chips were independently powered and electronically 
protected with power shut-off relays, allowing the 
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Table 1. Thermophysical properties of FC-72 at 1.36 bar 
_~___.~~... ______- 

AT,,b.c, 
(g 

cp;t hrg$ k;t Pff 
(“Cl x 1o-3 x low x 10’ x lo-’ 

PJ 
x10-r 

~-. 
0 66.18 1.112 8.168 5.272 1.599 1.804 
3 63.18 1.107 8.168 5.305 1.605 1.804 

I4 52.18 1.090 8.168 5.426 I.627 1.804 
2s 41.18 I .073 8.168 5.547 1.649 1.804 
36 30.18 1.056 8.168 5.668 1.670 1.804 

0% 
x Iti 

8.644 
8.644 
8.644 
8.644 
8.444 

t Based upon T,,,. 
$ Based upon T,,,,c,. 

tests to be continued until each chip had reached CHF 
without any danger of damaging either the chips or 
channel hardware. The primary objectives of this 
study were : (i) to examine the effects of velocity and 
subcooling on boiling heat transfer and CHF from an 
array of chips and (ii) to analyze the effects upstream 
chips have on the boiling performances of the down- 
stream chips. The authors also desired to see if boiling 
at high heat fluxes on the most upstream chip in the 
array induces premature dryout on the surfaces of 
downstream chips. 

2. EXPERIMENTAL METHODS 

Experimental facility 

The flow loop used for this analysis is shown in Fig. 
I. A magnetically-coupled centrifugat pump was used 
to circulate the liquid through the flow loop. A heat 
exchanger was located immediately downstream of 
the pump to extract energy that was dissipated by the 
chips and produced by pipe friction. The liquid flow 
then bifurcated, allowing some of the coolant to enter 
the test section while the remainder was routed 
through the bypass line. Prior to entering the test 
section, the liquid passed through a 5-pm filter, a 
turbine flow meter, and another heat exchanger which 
brought the liquid to the desired temperature at the 
inlet to the multi-chip module. Two turbine flow 
meters were used : one for velocities below 100 cm s- ’ 
and another for the higher velocities ; only one flow 
meter is shown in Fig. 1. Both the test section and the 
bypass lines fed coolant into the condenser/reservoir. 
Pressure in the system was maintained by regulating 
the energy input of the immersion heater in the press- 
urization/expansion tank. Fine tuning of the press- 
ure was also accomplished by regulating the flow of 
cold water into the condenser/reservoir by means 
of a solenoid valve operated by the data acquisition 
software. 

The test section featured a rectangular flow channel 
with cross-sectional dimensions of 20.0 mm (width of 
wall along which the chips were mounted) x 5.0 mm. 
The first chip was located 0.508 m downstream of the 
channel inlet. The surfaces of the chips were mounted 
Bush with the channel wall in a G-7 fiberglass sub- 
strate module, and the distance between consecutive 
chips was 10.0 mm as shown in Fig. 2. The chips were 
positioned in the center of the channel wall with a 

spacing of 5.0 mm between the edges of the chip and 
the channel side walls. The chip/substrate interface 
was sealed with RTV silicone to prevent the formation 
of artificial nucleation sites. 

Simulated microelectronic chip 

Figure 3 details the construction and dimensions of 
the simulated microelectronic chip. Each chip was 
fabricated from oxygen-free copper such that the 
cross-sectional dimensions of the chip surface in con- 
tact with the liquid were 10.0 mm x 10.0 mm. Three 
chromel--alumel thermocouples were embedded 
along the chip centerline in the flow direction at a 
depth of 0.813 mm underneath the chip surface. One 
thermocouple was positioned in the center of the chip, 
and the other two were located 4.29 mm upstream 
and downstream of the middle thermocouple. Thick- 
film resistive heaters with an electrical resistance of 
approximately 90 R were fabricated to match the 10.0 
mm x 10.0 mm surface area. Each resistor was sol- 
dered to the underside of the chip as shown iin Fig. 3. 
The chips were electrically configured in parallel such 
that the voitage across each chip was equivalent, while 
the current through each chip varied according to 
the actual ohmage of the thick-film resistor. Prior to 
operation, a variable resistor in-line with each indi- 
vidual chip was trimmed such that the power dis- 
sipation in each resistive heater was the same. One 
voltage and nine current transducers were used to 
measure the power dissipated by the thick-film resistor 
of each chip. 

A two-dimensiona numerical analysis was per- 
formed to determine the percentage of the energy 
dissipated by the thick-film resistor that was lost to 
the surroundings and not conducted to the fluid/chip 
interface. An upper limit for heat loss was determined 
by accounting for the additional surface area on the 
actual chip and by assuming negligible contact resist- 
ances between the copper block and fiberglass insu- 
lation. The largest heat loss for the conditions of the 
present study was calculated to be 3%. Therefore, in 
the light of the small heat losses, no correction was 
made for the power dissipated by the thick-film 
resistor in determining the chip heat flux. During the 
experiment, the thermocouple temperatures were cor- 
rected by a one-dimensional heat conduction model 
to calculate the true chip surface temperature. 



2X82 

Power 
Control !._1 Unit 

T. CL WILLINGHAM and 1. MUDAWAR 

Retiif 
Valve 

Pressurizatkm / secondaly 
Expansion Condensate 

Tank Tank 

110~ MuJtf-Chip Modute 

J. rest section 

Regulating Vatve 

Heat 
Exchanger 

constant 
Temperature 

Bath 

Water 

t I 

Bypass Valve 
Heat 

Exchanger Pump 

FIG. I. Experimental flow loop. 

Operating procedure 
Prior to a series of experiments, the surfaces of the 

chips were vapor-blasted in order to create a relatively 
uniform locus of micro-cavities on the surfaces of all 
chips. The vapor-boasted surfaces were achieved by 
cleaning them with a vapor blast of fine silica par- 
ticulates entrained in water flow, where the average 
size of the particulates was 10 pm. The authors have 
also performed experiments with mirror-polished sur- 
faces using the same experimental facility [ 141. How- 
ever, these preliminary experiments revealed that 
regardless of the degree of polish, some residual 
amount of cavities could still be found on the surfaces 
of all chips. While uniformity of surface finish was 
found to be a problem with the mirror-polished sur- 
faces, vapor blasting provided uniform surface texture 
for all chips. 

Periodically throughout the data collection, repeat- 
ability was tested by performing benchmark cases 

as well as reproducing previous results. Every day that 
the system was operated, the coolant was deaerated 
by heating the system to saturation and allowing 
vapor and air to escape into a condensate tank, as 
shown in Fig. 1. From the condensate tank, the vapor 
and air entered a reffux condenser where the air 
escaped to the atmosphere and the vapor condensed 
and returned to the condensate tank. After the deaer- 
ation process was complete, the valve to the con- 
densate tank was closed. 

Experimental data were collected by a Keithley 500 
series data acquisiton system, which was controlled by 
a Compaq 286 computer. The collected measurements 
included three temperatures for each of the nine chips, 
fluid temperature at Chip 1, absolute pressure just 
upstream of Chip 1, differential pressure from just 
upstream of Chip 1 to just downstream of Chip 9, 
frequency of the flow meter, and the power dissipated 
by the thick-film resistor of each chip. The pressure 



Forced-convection boiling and critical heat flux from discrete heat sources 2883 

A L 

10.0 mm 
I 

10.0 mm 
E 

Chip 9 

Chip 8 

Chip 7 

-I 
A 

Chip 6 

Chip 5 

Chip 4 

Chip 3 

Chip 2 

Chip 1 

t 
g 

f 

K 

~ 

7 
20.0 mm 10.0 mm 

i_. 

_J_ 

‘k-J 
5.0 mm 

Section A-A 

FIG. 2. Muiti-chip array. 

at Chip 1 was taken to be the reference saturation 
pressure of the liquid, while the fluid temperature at 
Chip I was used in conjunction with this pressure to 
determine the degree of subcooling of the liquid. A 
data point was taken after steady-state was achieved 
in all measurements ; steady-state was assumed when 
20 data samples taken over a 20-s period for each of 
the chip temperatures had a standard deviation of less 
than O.lO”C. 

The boiling curves for Chips 1, 4, and 9 are com- 
pared in Fig. 4 for near-saturated flow at an inlet 
velocity of 50 cm s- ‘. These curves are representative 
of the fact that, throughout the study, Chip 9 was 
generally the first to reach boiling incipience, followed 
by upstream chips in a fairty monotonic succession. 
This upstream procession of incipience can be 
explained by understanding the effects of the thermal 
boundary layer that develops as the fluid passes over 
the array of heated chips. The boundary layer causes 
a stream-wise increase in the fluid temperature par- 
alleled by a slight stream-wise increase in the surface 
temperature of the chips. This, in turn, leads to a 
stream-wise decrease in the thermal gradient between 
the chip surface and the fluid. For a similar dis- 
tribution of surface cavities on all chips, this decrease 
in thermal gradient makes conditions more favorable 
for nucleation on the surfaces of downstream chips. 

The maximum error associated with each thermo- 
couple reading was estimated to be less than 0.2”C. 
Watt and voltage meters with known error bounds 
were used in the calibration of the current and voltage 
transducers. The error in measuring the power dis- 
sipated by the thick-film resistors was calculated to be 
a maximum of 0.5%. Calibration accuracies associ- 
ated with the turbine flow meters for small and large 
flow velocities were both f0.05%; repeatability for 
the small and large flow velocities were estimated by 
the manufacturer to be k 0.1% and +_ 0.05%, respec- 
tively. The error associated with the pressure trans- 
ducer readings was estimated by the manufacturer to 
be rtrO.0103 bar. Overall errors in the measured inlet 
subcooling and critical heat flux were less than 0.4”C 
and 3.26 W cm- ‘, respectively. 

Figure 4 also reveals that as nucleation was delayed 
to increasingly higher heat fluxes for upstream chips, 
these chips also experienced increasingly larger tem- 
perature drops associated with incipience. This can be 
explained by examining the difference in slope 
between the nucleate boiling curve and the singte- 
phase hne. Because of the exceptionally high heat 
transfer coefficient of nucleate boiling, the slope of the 
nucleate boiling curve is much greater than that of 
the single-phase line. Therefore, as the heat flux is 
increased, the temperature difference between the 
nucleate boiling curve and the single-phase line also 
increases, causing chips that experience delayed incipi- 
ence to require larger drops in temperature to reach 
the nucleate boiling curve. 

3. RESULTS AND DISCUSSION 

Although the CHF value for Chip 1 exceeded that 
of Chip 4 and Chip 9, Chip 1 was not the last chip to 
reach CHF; furthermore Chip 9 was not the first to 
reach CHF. The low and high values of CHF for 
the multi-chip array were 20.0 and 26.0 W cm-“, 
respectively. Nevertheless, some general tendencies 
were observed for the order in which the chips pro- 
ceeded to CHF. These generalities, as well as CHF 
data, will be discussed in a later section. 

Forced-conv~tion boiling experiments were per- Occasionally, some unusual boiling activity was 
formed with FC-72 at 1.36 bar. Data collected for the observed on Chip 1. In a handful of experiments, 

array of nine simulated microelectronic chips featured 
inlet velocities and subcoolings ranging from 13 to 
400 cm s- ’ and 3 to 36°C respectively. The maximum 
pressure drop between the most upstream and down- 
stream chips corresponded with the largest flow vel- 
ocity and was experimentally measured to be 0.0544 
bar. This decrease in pressure across the multi-chip 
array amounted to a stream-wise decrease of I .3”C in 
the saturation temperature. Below velocities of 100 
cm s- ‘, the pressure drop was less than 0.00680 bar 
(which corresponded to less than 0.16”C decrease in 
saturation temperature). Boiling characteristics of the 
individual chips as well as the overall performance of 
the multi-chip array are discussed in this section. 

Bailing trends due to interaction between the chips 
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FIG. 4. Boiling curves for Chips 1,4, and 9 for near-saturated 
flow at an inlet velocity of 50 cm s- ‘. 

incipience for Chip 1 was delayed to heat Auxes as 
large as one-third the value of CHF. In several other 
experiments, the surface of Chip 1 did not completely 
nucleate until just prior to CHF. This phenomenon 
occurred primarily at near-saturated conditions and 
produced a few quasi-incipience points as larger frac- 
tions of the surface collectively nucleated. Figure 5 
illustrates this gradual propagation of the nucleation 
front for a near-saturated experiment at 400 cm s- ’ 
Because this unconventional boiling activity was lim- 
ited in occurrence to Chip 1, the authors believe that 
electronic cooling applications would benefit from the 
positioning of a heated patch upstream of the array 
of electronic chips. It is believed that such a heated 
patch would provide more uniform and predictable 
boiling activity on the surfaces of downstream chips. 

Velocity efect 

Boiling curves for Chips 1, 4, and 9 are shown in 
Figs. 6(a), (bj, and (c), respectively, for near-saturated 
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FIG. 5. Gradual propagation of nucleation front occasionally 
observed for Chip 1. 

flow at various inlet velocities. These figures illustrate 
that the effects of velocity on boiling were consistent 
for all chips in the array, with the exception that 

downstream chips (Chips 4 and 9) experienced smaller 
incipience heat fluxes and temperature drops than 
upstream chips (Chip 1). The convection coefficient 
for single-phase heat transfer increased with increas- 
ing velocity, as evidenced by the upward shift of the 

single-phase data. Also, incipience was delayed to 
higher heat fluxes with increases in velocity. Nucleate 
boiling data for all velocities fell along the same curve, 
indicating that velocity had little effect on the chip 
surface temperature in boiling. Finally, CHF 
increased with velocity for all chips. These trends were 
also observed for subcooling experiments. 

Subcooling effect 

Boiling curves for Chip 1 are shown in Fig. 7 for 

various subcoolings at an inlet velocity of 50 cm s- ‘. 
The corresponding figures for downstream chips are 
extremely similar, with the exception of the lower heat 
fluxes and smaller temperature drops at incipience. 
For large degrees of subcooling, some of the single- 
phase data at low heat fluxes cannot be displayed 
because of the negative values of wall superheat 

(AT,,,) ; therefore, it is more desirable to present the 
boiling data as plotted with respect to the temperature 
gradient between the chip surface and the liquid (AT,) 
instead of the wall superheat. For a given heat flux in 
the single-phase region, the chip surface temperature 
increased slightly with increasing subcooling. This was 
spawned by a small decrease in the single-phase con- 
vection coefficient due to a change in fluid properties 
with decreasing fluid temperature. Increasing the sub- 
cooling delayed both incipience and CHF to higher 
heat fluxes, as did increasing the velocity. These trends 
were also observed at higher inlet velocities. 
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FIG. 6. Velocity effect on boiling curve at near-saturated 
conditions for Chip 1 (a), Chip 4 (b), and Chip 9 (c). 
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in a larger percentage of the experiments. From 36 C 
subcooling to near-saturated conditions, the fre- 
quency of upstream chips to reach CHF last decreased 
from 67 to 44% ; for the Same dccreasc in subcooling, 
the frequency of downstream chips to reach CHF last 

climbed from 11 to 52%. These results indicate that 
subcooling was, to some degree, influential in dcter- 
mining the location of the last chip to attain CHF. It 
should be emphasized that cutting off power to a chip 
upstream of chips which had not yet reached CHF 

could have had some elect on the occurrcncc of CHF 
on the downstream chips, especially at conditions near 
saturation. 

1 10 100 

AT, (“‘4 

Frc;. 7. Subcooling effect on boiling curve kx Chip I at an 
inlet velocity of 50 cm s ‘. 

1.0, I , I I 
0 UpRmam chips (Chips 1 8 2) 

0 Downstmam chips (Chips 8 8 9) 

01 c c 0 I 
0 10 20 30 40 

ATsub ("C) 

FIG. 8. Frequency of reaching CHF last for upstream and 
downstream chips. 

Critical heut flux 
As CHF was approached in the experiments, the 

increments in heat flux were made smaller, of the order 
of 0.5 W cm- ‘. Once CHF was reached on a particular 
chip, the electrical power to the thick-film resistor of 
that chip was terminated, and data collection con- 
tinued until CHF was attained on all nine chips. This 
facet of the experimental procedure allowed for an 
analysis of the order of procession to CHF for all of 
the chips in the array. For the purpose of comparing 
the behavior of upstream chips with that of down- 
stream chips, Fig. 8 displays the frcqucncy of 
upstream chips (Chips 1 and 2) and downstream chips 
(Chips 8 and 9) to be the last to reach CHF. For most 
of the subcooled experiments, either Chip 1 or Chip 
2 was the last chip to reach CHF. As the degree of 
liquid s&cooling was decreased toward saturation, 
however, downstream chips began to reach CHF last 

As previously mentioned. the thermal boundary 
layer that develops as the fluid passes over the array 
of heated chips causes a stream-wise increase in the 

fluid temperature. This effect alone would tend to 
produce a premature occurrence of CHF on down- 

stream chips ; however, there is also an effect on CHF 
from bubbles emanating from upstream chips. At 
near-satu~dted conditions, by the time the Row 
reached Chip 9 it was wefl-crowded with a substantial 

bubble population. As the liquid subcooling in- 
creased, both the size of individual bubbles and the 
number of bubbles visible in the Row were con- 
siderably reduced due to condensation in the cooler 
bulk liquid. It is suggested that at ll~dr-~dturated and 
low-subcooling conditions, the bubbles emanating 
from upstream chips serve to increase fluid contact 
with the chip surface for downstream chips, thus help- 
ing to counterbalance the stream-wise decrease in 
CHF due to the thermal boundary layer. The increas- 
ing void ratio also promotes a stream-wise fluid accel- 
eration which, to a lesser extent, further serves to 

offset the stream-wise decrease in CHF due to the 
thermal boundary layer. This process is shown in 

Fig. 9(a). It should be noted that this compensating 
effect of the bubbles would eventually diminish if a 
much larger number of chips were lined up in series 
since a large increase in void ratio would bring about 
eventual dryout of the wall. For the more subcooled 
experiments, there was very little interaction between 
bubble boundary layers formed on adjacent chips and 
a negligible stream-wise increase in velocity due to 
phase change: consequently, CHF became sensitive 
to the strealn-wise decrease in local subcooling for 
downstream chips, as shown in Fig. Y(b). Evidence of 
this sensitivity with increasing subcooling is displayed 
in the form of an upstream movement of the position 
of the last chip to reach CHF. 

It was stated earlier that the experimental heater 
con~guration of Strom et ul. [i l] was one of heated 
‘fingers’ rather than discrete heat sources, and this 
required them to cease an experiment when CHF was 
reached by any one of the ‘fingers’. For the majority 
of their experiments, which featured inlet subcoolings 
of 20-40 C, the last heater in the array attained CHF 
first. For the 2.5 and 36C subcooling data of the 

current study, CHF did not necessarily first occur on 
Chip 9. but downstream chips were predominantly 
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FIOW 
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FIG. 9. Multi-chip CHF trends for saturated (a) and highly 
subcooled (b) flow. 

the first to reach CHF. Because their heaters were 
46% smaller in width and length than the chips of 
the current study, the thermal boundary layer which 
developed in their channel would be thinner in both 
width and height than that of the current study. By 
dissipating roughly the same quantity of energy into 
a smaller boundary layer, a greater stream-wise tem- 
perature increase in their R-113 thermal boundary 
layer occurred. In addition, the smaller density of 

R-l 13 and the smaller cross-sectional area of their 
channel would imply a smaller mass flow rate which, 
combined with the smaller specific heat of R-l 13, 
would also cause a larger decrease in local subcooling 
for downstream chips. For these reasons, it is expected 
that Strom et al. would be more likely to observe the 
last heater in the array to consistently reach CHF first. 

Critical heat flux data for Chips 1, 4, and 9 are 
shown in Figs. 10(a), (b), and (c), respectively. All 
chips in the multi-chip array exhibited the same 
behavior with increases in velocity and/or subcooling 
as increases in either parameter served to increase 
CHF. Furthermore, increases in subcooling had a 
more significant effect on CHF at larger velocities. In 

fact, there appears to be a transition from a low- to 
high-velocity CHF regime similar to that observed by 
Mudawar and Maddox [7] for an isolated chip. They 
proposed that the difference between these two 
phenomena was due to the physical mechanisms 
which promote CHF. According to Mudawar and 
Maddox, low-velocity CHF is characterized by dryout 
of a liquid sublayer beneath a continuous vapor blan- 
ket, whereas high-velocity CHF features the dryout of 
intermittent liquid films beneath small vapor blankets 

T- 
Transition fmm low-velodty 
CHF to high-v&city CHF 

(a) 

101 

10 100 

u (~9 

1000 

(b) 

10 100 1000 

u (cm/s) 

FIG. 10. Critical heat flux values for Chip 1 (a), Chip 4 (b), 
and Chip 9 (c). 

randomly distributed on the chip surface. The largest 
value of CHF obtained for the multi-chip array was 
102.3 W cm-‘, which occurred on Chip 1 for 400 cm 
S _ ’ and 36°C subcooling. 

A CHF bandwidth was calculated for each exper- 
iment in order to quantify the difference between the 
high and low values of CHF for the multi-chip array. 
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FIG. I I. Bandwidth of CHF values. 

Figure I1 shows that the average ~ndwidth of CHF 
values for all experiments was i 12.3%. Although the 

trend of CHF bandwidth with velocity is small, there 
appears to be some connection between this trend and 
the CHF regimes observed at low and high velocities. 
This small bandwidth proves that the discontinuity 
in wall heat flux between consecutjve chips helped 
interrupt the growth of the vapor blanket, which com- 
monly results in dryout at the downstream edge of 
long, continuously heated walls. 

As the velocity of the liquid decreases to zero, the 
predicted pool-boiling CHF of Zuber et ul. [I 51 should 
present a lower bound for CHF : 

where 

Yet, this lower bound is somewhat nebulous for the 
vertical channel situation of the present study. In pool 
boiling, there generally exists a large reservoir sur- 

rounding the heated surface; in the present study, 
however, the volume of fluid that surrounded a single 
chip was limited by the small dimensions of the chan- 
nel and affected by the heat transfer and ebullition 
from other chips. 

subcooling. It appears that the large bubbles present 
in near-saturated flow were effective in offsetting the 
tendency of the thermal boundary layer to decrease 
CHF. Nevertheless, as these bubbles decreased in size 

and number with increasing subcooling, the thermal 
boundary layer engendered premature CHF values 
that were lower than those that would be obtained for 
an isolated chip in a pool boiling situation. These 
results indicate that low veiocities are relatively 
ineffective since a pool boiling situation would render 
virtually the same values of CHF. 

Figure 12 compares the CHF data for Chip 1 with In theory, Chip 1 should behave as a thermally 
the Zuber limit for velocities between 13 and 75 cm and hydrodynamically isolated chip since there are no 
s-- ‘. At the smallest inlet velocity (13 cm SK’), CHF chips upstream of it to affect its heat transfer. For this 
values for Chip 1 exceeded the Zuber limit in all exper- reason, the nondimensional CHF values for Chip I 
iments except one. For the lowest value of CHF in the are compared in Fig. 13 with the Mudawar and Mad- 
multi-chip array, the Zuber limit was exceeded at near- dox correlation, equation (I), for forced-convection 

,saturated conditions only, and the ove~rediction of boiling on an isolated chip. Mudawar and Maddox 
CHF by the pool boiling limit grew with increasing correlated their data with a mean absolute error of 

0 10 20 30 40 

AT&V) 

Fw. 12. Comparison of low-velocity CHF data for Chip I 
with the pool boiling limit as predicted by Zuber c’t 01. [I 51. 

lo’7 / 

1ON 

:z 10. 

10 

10 

FIG. 13. Comparison of nondimensional CHF data for Chip 
I with the correlation of Mudawar and Maddox 171. 
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7.1% for velocities above 22 cm s- ’ and less than 

approximately 200 cm s- ‘. Figure 13 shows that the 
majority of CHF data for Chip 1 agreed well with the 

correlation. The maximum deviation of the subcooled 
data from the correlation was 15.9%. From a practical 
standpoint, both the good agreement of the cor- 
relation with Chip 1 and the small bandwidth of CHF 
(k 12.3%) make the Mudawar and Maddox cor- 
relation attractive for electronic cooling design pur- 
poses in determining CHF values for any array of 
chips. 

4. CONCLUSIONS 

An experimental investigation of heat transfer from 
a linear array of simulated microelectronic chips in 
forced-convection boiling was conducted. The fol- 
lowing conclusions can be drawn : 

(I) For all experiments, Chip 9 was generally the 
first to reach boiling incipience, followed by upstream 
chips in a fairly monotonic succession. Upstream 
chips also experienced larger drops in surface tem- 
perature at incipience. 

(2) Boiling incipience and CHF for all chips were 
delayed to higher heat fluxes with increasing velocity 
and/or subcooling. 

(3) Because of some unusual boiling activity on 
Chip 1, the authors believe that electronic cooling 
applications would benefit from the positioning of a 

heated patch upstream of the array of electronic chips 
in order to provide more uniform and predictable 
boiling on the surfaces of downstream chips. 

(4) The thermal boundary layer that develops as 
the fluid passes over the array of heated chips tends 

to promote a slight stream-wise decrease in CHF; 
however, at near-saturated and low-subcooling con- 
ditions the bubbles emanating from upstream chips 
helped to counterbalance this stream-wise decrease in 
CHF. In other words, the position of the last chip to 
reach CHF moved upstream with increasing sub- 
cooling. 

(5) Comparison of CHF data with the Zuber et al. 

[15] correlation for pool boiling indicates that low 
velocities are relatively ineffective in forced-con- 
vection boiling applications since pool boiling renders 
virtually the same values of CHF. 

(6) A CHF bandwidth was calculated for each 
experiment in order to quantify the difference between 
the high and low values of CHF for the multi-chip 
array; the average bandwidth of CHF values for all 
experiments was k 12.3%. 

(7) Critical heat flux data for Chip 1 agreed well 
with the Mudawar and Maddox [7] correlation for an 
isolated chip in a flow channel. This fact, coupled 
with the small bandwidth of CHF for all experiments, 
makes the correlation attractive for electronic cooling 

design purposes in determining CHF values for an 

array of chips. 
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EBULLITION EN CONVECTION FORCEE ET FLUX THERMIQUE CRITIQUE POUR 
UN ARRANGEMENT LINEAIRE DE SOURCES DE CHALEUR DISCRETES 

R&urn&Des expkriences d‘iibullitlon en convection for&e sont conduites avec FC-72, un 3M Flourinert 
$ 1.36 bar sur un arrangement lint-aire de neuf sources de chaleur disc&es simulant des chips micro- 
klectroniques qui affleurent sur la surface d’un canal vertical et rectangulaire. La vitesse d’entree varie 
de I3 i 400 cm s I et le sous-refroidissement du liquide de 3 il 36 ‘C. Une conception spiciale de 
l’kquipement expirimental permet de continuer le test jusqu’g ce que toutes les chips atteignent le flux 
thermique critique (CHF) sans endommager la section d’essai. En g&&al la position de la derni&re chip d 
atteindrc le CHF se dkplace en avant quand on augmente le sous-refoidissement. La largeur de bande 
moyenne du CHF pour un arrangement i plusieurs chips est seulement + l2%, ce qui prouve que la 
discontinuitk dans le flux parittal entre des chips constcutives intcrrompt la croissance de la couvcrturc 
de vapeur qui rtsulte de I’ass&hement. La faible largeur de bande du CHF permet qu‘une formule 
anttrieurement d&elopp.&e pour le CHF sur une chip unique soit utiliske pour un arrangement de chips. 

STRijMUNGSSIEDEN UND KRITISCHE WARMESTROMDICHTE AN EINER 
LINEAREN ANORDNUNG VON DISKRETEN WARMEQUELLEN 

Zusammenfassung-Es werden Messungen zum Stremungssieden mit FC-72, einem 3M-Fluorinerl. bci 
I,36 bar an einer linearen Anordnung von neun diskreten Wgrmequellen durchgefiihrt. Damit werden 
mikroelektronische Chips simuliert. die in einem senkrechten Rechteckkanal biindig montiert sind. Die 
Eintrittsgeschwindigkeit wird von 13 bis 400 cm s ’ variiert, die Fliissigkeitsunterkihlung von 3 bis 36 K. 
Eine spezielle Auslegung der Versuchsanlage erlaubt es, jeden Versuch ohne Schlden fortzufiihren, such 
wenn alle Chips die kritische WBrmestromdichte (CHF) erreicht haben. Siedebeginn und CHF werden 
mit zunehmender Geschwindigkeit und/oder Unterkiihlung zu hiiheren W%rmestromdichten verschoben. 
Jedoch war die mittlere Bandbreite der CHF-Werte fiir die Mehrchip-Anordnung nur + 12,3%. Die 
Diskontinuitat der Wlrmestromdichte zwischen aufeinanderfolgenden Chips hilft. das Anwachsen der 
Dampfflgchen zu unterbrechen. welches normalerweise beim Dryout an der stromabwgrts gelegenen Ecke 
einer langen, gleichfcrmig beheizten Wand auftritt. Die geringe Bandbreite der CHF-Daten erlaubt es 
such. die an einem Einzelchip gewonnene CHF-Korrelation auf eine Mehrchip-Anordnung zu iibertragen. 

KMIIEHME M KPMTH9ECKkII? TEILJIOBOR IIOTOK OT JIIIHEfiHOfi qEI-IOsKM 
AMCKPETHbIX ACTO=IHUKOB TEI-IJIA I-IPki BbIHY)KflEHHOfi KOHBEKUWZI 

AHHOTaLWIm-~pOBOn&inHCb 3KCnep&%vSeHTbl n0 KHIIeHWH) B yCJIOBH5lX BbIHyXoJeHHO$i KOHBCKUAH C BCnO- 

nb3oBaHsieM FC-72 H 3M Fluorinert nptl naenemia 1,36 6ap Ha neHefiHoii ueno&e 83 nemm nHcKpe- 

TbIx MCTOYHHKOB Tenna,Moneniipylolueii MsiKp03neKTpoHHbIe sinbr,npu 3T0~ HCTOYHHKU ycTaHoBneHb1 

3anOAJIHUO B BepTtlKaJIbHOM KaHaJIe npZ3MOyI'O,,bHOrOCeqeHHK.CKOpoCTb Ha BXOnc II Be,IHYHHa HenO,-- 

peBa%iAKOCTHI13MeHIIJIHCbCOOTBeTCTBeHHO OT 13 PO @oCM C-l II 0~3no 36°C. OcoGan KOHCT~~K~H~ 

3KCnepHMeHTaJIbHOti yCTaHOBKIi nO3BOJIlma npOBOnHTb Ka)KnbIii OllbIT n0 nOCTHXCeH&iSl KpSiTHYeCKOl.0 

TennoBoro noToKa (KTII) Ha Bcex SHnax 6e3 noBpemneH&in 3KcnepHMeHTanbHoro yracTKa.sa c9eT yse- 

JIHYeHaR CKOPOCTH ~(~~15ijHeAOrpeBa KHneHIleB KTII MOryT B03HHKaTb npa 6onee BblCOKHX3Ha9eHlllIX 

TennoBoro noToKa. B o6meM cnygae nonoxemie nocnenHero gmta ZUI~ nocTBmeHW% KTIT cnBmanocb 
BBepX n0 nOTOKy n0 Mepe BO3paCTaHHB BenH',HHbI HenOrpeBa,nOKa3aHO,YTO JJHCKpeTHOCTb TenJIOBOrO 

noToKd Ha cTeHKax Memay nocnenoBaTenbH0 pacnonoxeHHbtMa YHnaMH cnoco6cTByeT npeKpameHsn0 

pOCTa napOBOii o6ononru, KOTOpa5i 06bIUHO npUBOAUT K KpH3ACy TennonepeHoca y AanbHerO no 

TWeHRKJ KpaX AnHHHbIX CTCHOK C nOCTOI1HHbIM HaI'peBOM. KpoMe TOTO, 060CHOBaHa B03MOxHOCTb 

HCnOnb30BdHHII Anr IlenO’IRB 'IAnOBCOOTHOuIeHlll,nOnyYeHHOrOpaHee LInl KTll B cnyqae OTAenbHoro 


