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Abstract

Experiments were performed to investigate the two-phase cooling characteristics of a new hybrid cooling scheme combining the cool-
ing attributes of slot jets and micro-channel flow. A test module was constructed in which dielectric PF-5052 liquid was introduced
through five 0.48 mm wide and 12.7 mm long slot jets, each leading to a 1.59 mm wide and 1.02 mm deep channel. Increases in flow rate
and subcooling yielded similar trends of delaying the inception of boiling and increasing critical heat flux (CHF). A previous channel flow
correlation predicted CHF values far smaller than measured, while those for slot jets yielded closer predictions. This proves the cooling
performance of the hybrid configuration is dominated more by jet impingement than by micro-channel flow. By dividing the test surface
into a portion that is dominated by jet impingement and another by micro-channel flow, and applying the appropriate CHF correlation
for each portion, the CHF data for this hybrid cooling configuration are predicted with a mean absolute error of 8.42%.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The quest for speed in modern electronic devices has led
to aggressive micro-miniaturization of electronic compo-
nents and insertion of an increasing number of components
in a given device surface area. These advances have precip-
itated substantial increases in heat dissipation both at the
device and systems levels. More powerful cooling systems
are therefore needed to meet those challenges.

Convective cooling with phase change is especially
attractive for these applications because of the enormous
heat transfer coefficients that can be realized. For a given
coolant temperature, such high convection coefficients
facilitate the removal of large heat fluxes while maintaining
relatively small device surface temperatures. Another
important advantage of phase change stems from the
strong dependence of the heat transfer coefficient on heat
flux. Large increases in the magnitude of the heat transfer
coefficient with increasing heat flux implies the device will
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incur only modest temperature increases corresponding to
fairly substantial increases in power dissipation [1]. Mini-
mizing the fluctuations in device temperature is paramount
to both the reliability and the structural integrity of an elec-
tronic package.

However, phase change systems are not without draw-
backs. They are typically more difficult to implement and
more expensive than their single-phase counterparts. This
is why they are favored only in situations where single-phase
systems are deemed incapable of meeting the cooling
requirements of given device or system. Furthermore, the
aforementioned advantages of convective phase change
cooling are realized only within the nucleate boiling regime.
This regime is maintained only as long as the coolant can
adequately replenish the surface region where the liquid is
rapidly converted to vapor. Intense vapor effusion ultimately
begins to restrict liquid access to this region, triggering
appreciable deterioration in the cooling effectiveness. This
process reaches its most dangerous state at the critical heat
flux (CHF), where the bulk liquid is no longer able to replen-
ish the surface region. Should the device heat flux exceed this
limit, most of the heat dissipated in the device will be trapped
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Nomenclature

Ach portion of test surface area of unit cell domi-
nated by channel flow

Aj area of one slot jet
Ajet portion of test surface area of unit cell domi-

nated by jet impingement
At test surface area
Atotal surface area of unit cell
cp specific heat at constant pressure
Csub empirical constant
d characteristic length of flow boiling system
g gravitational acceleration
Hch channel height
Hgap Height of side channels
Hjet jet height
hfg latent heat of vaporization
L width of unit cell
Ljet jet length
m empirical constant
N number of jets in flow distribution plate
n empirical constant
PW electrical power supplied to copper block
Q volumetric flow rate
q00m critical heat flux
q��m dimensionless critical heat flux
T temperature
Tf liquid inlet temperature
Ts average temperature of test surface
Tsat saturation temperature

DTsub subcooling, Tsat � Tf

Ttci temperature measured by thermocouple tci
(i = 1–3)

U mean jet velocity; characteristic velocity of flow
boiling system

Uch channel velocity
Wch channel width
Wjet jet width
Ww half-width of wall separating channels
z Cartesian coordinate

Greek symbols

l dynamic viscosity
q density
r surface tension

Subscripts

ch channel
exp experimental
f liquid
g vapor
jet impinging jet
m maximum (critical heat flux)
pred predicted
s test surface
sat saturation
sub subcooling
tci thermocouple (i = 1–3)
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in the device itself, causing a sudden unsteady escalation in
the device temperature, which can lead to catastrophic fail-
ure. The ability to both predict and prevent CHF is therefore
of paramount importance to the safety and integrity of any
two-phase electronic cooling system.

Flow boiling CHF can be classified as either saturated
or subcooled, depending upon the bulk fluid temperature
at the outlet [2]. Saturated CHF is generally encountered
with small flow rates, low inlet subcoolings and large
length-to-diameter ratios; conditions where a significant
fraction of the liquid flow is converted into a continuous
vapor core. The remaining liquid is divided between a thin
film that persists upon the heated wall and droplets that are
entrained in the vapor core. Under these conditions, CHF
takes the form of dryout of the liquid film. Micro-channel
flows are especially prone to this type of CHF since they
are used in applications demanding low flow rates and
large length-to-diameter ratios [2].

Subcooled CHF is generally associated with high flow
rates, small length-to-diameter ratios and high inlet sub-
coolings. Here, the bulk fluid maintains a predominantly
liquid state at the outlet with a relatively small mass of
vapor confined to the heated wall. Subcooling plays a vital
role in all stages of the vaporization process. Subcooled
liquid can absorb an appreciable fraction of the heat sup-
plied at the wall before it is converted to vapor. This is
why subcooled CHF can be far greater than saturated
CHF for the same flow rate [3].

Decades of research have culminated in several useful
correlations for CHF in both jet impingement and
mini-/micro-channel flows. Most of these correlations are
based on Katto’s formulation for saturated flow boiling
CHF, which provides a generic dimensionless form adapt-
able to different flow configurations, coolants, flow rates,
and pressures [4].
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where U and d are the characteristic velocity and char-
acteristic length associated with the two-phase system.
Additional dimensionless geometrical terms are also
incorporated where the system involves more than one
characteristic length. Observing a negligible dependence
of experimental CHF data on viscosity or gravity, Katto
suggested simplifying Eq. (1) to the following form:
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What is lacking in Eq. (2) is the strong dependence of CHF
on subcooling. Mudawar et al. [5] and Mudawar and Mad-
dox [6] modified an earlier theoretical CHF model that was
developed by Haramura and Katto [7] for both pool boil-
ing and flow boiling. The modified model incorporated the
effects of subcooling on both the hydrodynamic instability
between the liquid and vapor phases, and the energy re-
quired to vaporize the near-wall liquid just prior to CHF.
They showed the ratio of subcooled to saturated CHF
can be expressed as

qm

qm;sat

¼ 1þ cp;fDT sub

hfg

� �n

1þ Csub

qf cp;fDT sub

qghfg

" #m

; ð3Þ

where Csub, m, and n are empirical constants.
As discussed below, two flow configurations that are

important to the present study are slot jets and micro-chan-
nel flow. Following is a brief discussion of CHF findings
concerning these specific flows.

The vast majority of jet impingement studies concern
single and multiple free circular jets. In one of the most
comprehensive studies, Monde [8] identified different
CHF regimes (V-, L-, I- and HP-regimes) for circular jets
corresponding to different flow rates and different pres-
sures. Monde and Mitsutake [9] extended these findings
to multiple circular jets. Johns and Mudawar [10] showed
the nozzle-to-surface distance has a negligible effect on
CHF.

Mudawar and Wadsworth [11] developed a module that
provided uniform cooling to a 3 · 3 array of heat sources,
each cooled by a confined rectangular jet of FC-72. They
developed a correlation for CHF independent of nozzle-
to-surface distance and which showed CHF is proportional
Fig. 1. (a) Test module construction. (b
to U0.7. A key practical finding from their study is that
CHF is a far stronger function of jet velocity than flow
rate. In other words, CHF can be increased for a fixed flow
rate simply by decreasing the jet width. Recently, Meyer
et al. [12] extended these findings to a heat source that is
cooled by multiple slot jets.

Far fewer CHF studies are available for micro-channel
heat sinks. Qu and Mudawar [2] recently examined CHF
for a heat sink containing parallel rectangular micro-chan-
nels. They showed the interaction between micro-channels
is responsible for drastic differences in CHF compared to a
single micro-channel.

In recent years, the demand for more effective cooling
solutions has spurred immense interest in the development
of new innovative cooling schemes that capitalize upon the
afore-mentioned merits of phase change. Of those, micro-
channel flow and jet impingement are considered the two
most effective solutions for devices demanding very high
flux removal, such as high-performance microprocessors,
laser diode arrays, and x-ray anodes [1]. This study
explores the parametric trends of CHF for a new hybrid
cooling scheme whose single-phase cooling performance
was recently examined by the authors [13]. This scheme
capitalizes upon the merits of both jet impingement and
micro-channel flow. An area-averaged CHF correlation is
constructed by applying CHF correlations for the portions
of the heated surface that are influenced by jet impinge-
ment and channel flow.

2. Experimental methods

2.1. Test module

Fig. 1 shows the layered construction and assembly of
the test module that housed the hybrid cooling device.
) Cross-section of module assembly.



Fig. 2. Details of (a) heater block and (b) underside of flow distribution plate.
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The test module consisted of a heater block, a flow distri-
bution plate, a spacer, a cover plate, and 16 cartridge heat-
ers. The copper heater block had a bulky underside where
the cartridge heaters were inserted, and was stepped down
into a uniform cross-sectional neck leading to the test sur-
face. Three holes were drilled beneath the top surface to
accommodate three chromel–alumel (K-type) thermocou-
ples. Detailed dimensions of the heater block are given in
Fig. 2(a).

All surfaces of the heater block save the top test surface
were carefully insulated to minimize heat loss to the ambi-
ent. The neck portion was inserted into a spacer fabricated
from high temperature fiberglass (G-7), while the outer sur-
face of the lower bulky portion and underside were covered
with ceramic blanket insulation and a solid ceramic plate,
respectively.

Fig. 2(b) shows the flow distribution plate that included
all the important features of the hybrid cooling configura-
tion. The plate was machined from a single block of oxy-
gen-free copper whose underside was grooved with five
parallel 1.59 mm wide by 1.02 mm deep channels leading
to two symmetrically opposite downstream plenums.
Formed within each channel was a 0.48 mm wide, 0.76 mm
deep, and 12.70 mm long slot jet. The flow distribution plate
was covered on top with a polycarbonate plastic (Lexan)
plate, forming an upstream plenum for the jets. Two o-ring
seals prevented fluid leakage between the flow distribution
plate and both the cover plate and the G-7 spacer.

Fig. 3(a) shows a schematic of a unit cell of the hybrid
cooling configuration consisting of a single jet and a single
channel. Fig. 3(b) shows key notations of the unit cell. A
photo of underside of the flow distribution plate is given
in Fig. 3(c). Key dimensions of the unit cell are given in
Table 1.

2.2. Flow loop

Fig. 4 shows a schematic of a closed flow loop that was
configured to deliver Fluorinert PF-5052 liquid at con-
trolled pressure, temperature and flow rate into the test
module housing the hybrid configuration. The coolant
was circulated with the aid of a centrifugal magnetic drive
pump. The flow rate was measured by one of two parallel
rotameters having slightly overlapping flow rate ranges. An
air-cooled heat exchanger brought the liquid to the desired
module inlet temperature. The coolant flow was throttled
with the aid of two control valves, one situated upstream
and the other downstream of the test module. Aside from
setting the flow rate, the upstream valve helped prevent a
form of instability (pressure drop oscillation) that is com-
monly encountered in micro-channel heat sinks due to
interaction between the two-phase flow in the heat sink
itself and the flow loop’s upstream compressible volume
[2]. The downstream valve served mainly to set the desired
outlet pressure.

The two-phase mixture exiting the test module was grav-
ity-separated inside a large reservoir. Liquid from this res-
ervoir drained directly into a second reservoir that served
as a deaeration chamber, while the vapor was condensed
by an air-cooled condenser situated atop the separation
reservoir.

Before conducting any tests, the fluid was vigorously
boiled for about 1 h by a cartridge heater in the loop’s
lower reservoir to purge any dissolved noncondensible



Fig. 3. (a) Schematic of unit cell consisting of single jet and single channel. (b) Impingement geometry for unit cell. (c) Photo of underside of flow
distributor.

Table 1
Dimensions of unit cell of flow distribution plate

Ljet (mm) Wjet (mm) Wch (mm) Ww (mm) Hjet (mm) Hch (mm) Hgap (mm)

12.70 0.48 1.59 0.26 0.76 1.02 0.76
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gases into the ambient. Afterwards, the loop components
were adjusted to yield the desired module inlet conditions.

2.3. Data reduction

The total electrical power input to the 16 cartridge heat-
ers was measured by a Yamaha WT 200 wattmeter. The
heat flux, q00, from the test surface area of the heater block
was calculated by dividing the total electrical power input,
PW, by the area of the test surface, At = 1.0 · 2.0 cm2.

q00 ¼ P W

At

. ð4Þ

The mean jet velocity was determined from the measured
volumetric flow rate, Q, number of jets, N, and jet area,
Aj.



Fig. 4. Schematic of flow loop.
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U ¼ Q
NAj

. ð5Þ

CHF was detected by the thermocouple closest to the out-
let in the form of a sudden unsteady temperature rise. The
test was abruptly terminated to preclude physical damage
to the test module materials. CHF was determined as the
average of the prior surface heat flux and one-half the heat
flux increment that precipitated the unsteady temperature
rise. Using fine heat flux increments near CHF helped cap-
ture this event with high resolution.

Prior to performing the CHF measurement, a series of
single-phase tests were conducted within the same flow rate
range. Heat loss for the relatively low-power single-phase
tests was estimated at less than 5% of the total electrical
heat input, which decreased appreciably with increasing
heat flux. Errors associated with the pressure transducer,
rotameter, wattmeter, and thermocouple measurements
were 0.5%, 1.0%, 0.5%, and 0.3 �C, respectively.

3. Results and discussion

3.1. Boiling curve trends

As indicated earlier, three thermocouples were inserted
beneath the test surface to aid in determination of the sur-
face temperature. These thermocouples were situated at
distances of ztc1 = 0.0, ztc2 = 5.0, and ztc3 = 7.5 mm from
the center of the flow channel. Fig. 5(a) and (b) shows boil-
ing curves corresponding to the three thermocouple loca-
tions for a velocity of 2.15 m/s and inlet subcoolings of
DTsub = 13.1 and 36.9 �C, respectively. The surface temper-
ature, Ts, corresponding to each thermocouple was deter-
mined by correcting the thermocouple temperature for
one-dimensional heat conduction between the thermocou-
ple location and the test surface immediately above. The
inlet temperature was measured directly by the thermocou-
ple located upstream of the inlet plenum.

At low heat fluxes, the slopes of all boiling curves in
Fig. 5(a) and (b) are constant, corresponding to the sin-
gle-phase liquid cooling regime. With increasing heat flux,
the slope of the boiling curve begins increasing at ztc3, indi-
cating boiling initiation near the outlet. This is consistent
with the authors’ numerical findings in a previous single-
phase study of the present hybrid cooling configuration
[13], which predicted highest surface temperatures at the
channel outlet. A temperature offset among the three ther-
mocouples is apparent along the single-phase and nucleate
boiling regimes up to and including CHF. Notice the
decreasing slope of the boiling curves prior to CHF, indic-
ative of a deterioration in heat transfer effectiveness, which
also begins at ztc3. Eventually, CHF was detected at ztc3.
CHF values for the conditions given in Fig. 5(a) and (b)
are 183.2 and 223.1 W/cm2, respectively.

Figs. 6 and 7 show the effects of flow rate and subcooling,
respectively, on the boiling characteristics. The surface
temperature, Ts, in these plots was determined by
area-averaging the surface temperatures extrapolated from
the individual thermocouple measurements. Fig. 6 shows
flow rate has a pronounced effect on all regimes of the boil-
ing curve. Increasing flow rate augments the single-phase
heat transfer considerably and delays the point of boiling



Fig. 5. Boiling curves measured at ztc1, ztc2 and ztc3 for (a) DTsub = 14.1 �C
and Q = 6.60 · 10�5 m3/s and (b) DTsub = 35.1 �C and Q = 6.60 ·
10�5 m3/s.

Fig. 6. Flow rate effects on boiling curve for (a) DTsub = 13.1 ± 1 �C, (b)
DTsub = 23.1 ± 1�C, and (c) DTsub = 34.1 ± 1 �C.
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incipience to a higher heat flux and a higher surface temper-
ature. Increasing flow rate also increases CHF appreciably.

Fig. 7 captures the effects of subcooling on the boiling
curve. These effects are minimal in the single-phase regime,
where the convective heat transfer coefficient is only
slightly altered by coolant property variations with temper-
ature. However, there is a noticeable effect of subcooling
on the point of boiling incipience, where both heat flux
and surface temperature increase with increasing subcool-
ing. Fig. 7 also shows a significant enhancement in CHF
with increased subcooling.

Fig. 8 shows CHF variations with volumetric flow rate
for different inlet subcoolings. As depicted earlier in Figs.
6 and 7, increases in inlet subcooling and/or flow rate serve
to increase CHF.

3.2. Assessment of previous CHF correlations

Mudawar and Wadsworth [11] surveyed previous CHF
studies concerning flow over small heated surfaces includ-
ing circular impingement jets, free wall jets, confined wall
jets and channel flow to explain the CHF dependence on
flow velocity for confined slot jet impingement. They con-
cluded that confining the flow following impingement
serves to enhance liquid access to the test surface, evi-
denced by a greater CHF and a stronger dependence of
CHF on jet velocity compared to a free jet.



Fig. 7. Subcooling effects on boiling curve for (a) Q = 1.69 · 10�5 m3/s,
(b) Q = 3.05 · 10�5 m3/s, and (c) Q = 6.60 · 10�5 m3/s.

Fig. 8. Variation of CHF with flow rate for three subcoolings.

Table 2
Correlations for subcooling flow boiling CHF

Authors Correlations

Mudawar and
Maddox [6]

Channel flow:

q��m ¼
q00m

qg hfgUch

qf
qg

� �15=23

L
Dð Þ

7=23
1þ0:021

qf cp;f DT sub
qg hfg

� �16=23

1þ
cp;f DT sub

hfg

� �7=23

¼ 0:161 r
qf U2

chL

� �8=23

Mudawar and
Wadsworth [11]

Confined slot jet:

q��m ¼
q00m

qg hfgU

qf
qg

� �2=3

W
L�Wð Þ0:396

1þ0:058
qf cp;f DT sub

qghfg

� �2=3

1þ
cp;f DT sub

hfg

� �1=3

¼ 0:0786 r
qf U2ðL�W Þ

� �149

Meyer et al. [12] Multiple confined slot jets:

q��m ¼
q00m

qg hfgU

qf
qg

� �2=3

1þ0:034
qf cp;f DT sub

qg hfg

� �2=3

1þ
cp;f DT sub

hfg

� �1=3

W
L�Wð Þ0:331

¼ 0:0919 r
qf U2ðL�W Þ

� �0:157
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Interestingly, Fig. 8 shows a CHF dependence for the
present hybrid cooling configuration of q00m / U 0:45. This
velocity exponent is between that for channel flow, q00m /
U 0:30 [6], and confined slot jet impingement, q00m / U 0:70

[11]. This can be explained by the present configuration
being a hybrid of slot jet impingement and channel flow.
To further explore this relationship, predictions of a pre-
vious CHF correlation for channel flow [6] and two corre-
lations for slot jet impingement [11,12] were examined for
accuracy in predicting CHF data for the present hybrid
cooling configuration. These correlations are given in
Table 2. The accuracy of the predictions is based on mean
absolute error (MAE), which is defined as

MAE ¼ 1

M

X jq00m;pred � q00m;expj
q00m;exp

� 100%

 !
. ð6Þ

First, the predictions of a given correlation are applied
along the entire test surface. Fig. 9(a) shows the Mudawar
and Maddox channel flow correlation underpredicts the
present CHF data with a MAE of 53.89%. This shows
the hybrid configuration yields CHF values appreciably
higher than those of channel flow.

Fig. 9(b) and (c) compares predictions of the Mudawar
and Wadsworth correlation and the Meyer et al. correla-
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tion with the present CHF data. While the first correlation
was developed for FC-72 and single slot jets, the latter was
Fig. 9. Comparison of CHF data for PF-5052 in present hybrid
configuration with predictions of (a) channel flow correlation of Mudawar
and Maddox, (b) single slot jet correlation of Mudawar and Wadsworth,
and (c) multiple slot jet correlation of Meyer et al.
validated for both FC-72 and ethyl alcohol, as well as mul-
tiple slot jets. Both correlations provide reasonable predic-
tions, with MAEs of 14.20% and 11.48%, respectively, and
most of the data points falling within a ±20% error band.
The success of these correlations points to jet impingement
dominating cooling behavior inside the present hybrid
cooling scheme. Nonetheless, the basis for this comparison
is somewhat questionable since jet impingement is confined
to only a portion of the test surface. A more systematic
approach to correlating CHF data is therefore required.

3.3. New CHF correlation scheme

In this section, a new CHF correlation approach is
developed that is specifically tailored to hybrid configura-
tions having different cooling mechanisms dominating dif-
ferent portions of a test surface.

Previous numerical findings by the present authors con-
cerning the single-phase cooling performance of the present
hybrid cooling scheme have shown the jet flow produces a
Fig. 10. (a) Superpositioning of channel flow and jet impingement
portions of unit cell. Comparison of CHF data for PF-5052 in present
hybrid configuration with predictions based on superpositioning (b)
Mudawar and Maddox and Mudawar and Wadsworth correlations, and
(c) Mudawar and Maddox and Meyer et al. correlations.
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strong vorticity effect confined to the width, Wch, of the flow
channel [13]. This indicates jet impingement is dominant
over this region of the test surface. A slot jet correlation
(Mudawar and Wadsworth or Meyer et al.) was therefore
applied over an effective impingement area of Ajet = WjetLjet

of the unit cell illustrated in Fig. 3(b), while the Mudawar
and Maddox channel flow correlation was adopted for a
channel flow area of Ach = Atotal � Ajet. Fig. 10(a) illus-
trates this superpositioning scheme. The CHF correlation
for the hybrid cooling configuration is defined as

q00mAtotal ¼ q00m;jetAjet þ q00m;chðAtotal � AjetÞ; ð7Þ

where q00m;jet and q00m;ch are the CHF values predicted by the
slot jet correlation and the Mudawar and Maddox correla-
tion, respectively.

Fig. 10(b) compares predictions of the new CHF corre-
lation scheme with the present CHF data using the slot jet
correlation of Mudawar and Wadsworth over Ajet. An
overall MAE of 8.42% clearly demonstrates the excellent
predictive capability for the hybrid configuration. The
same superpositioning scheme is attempted in Fig. 10(c)
by applying the Meyer et al. correlation over Ajet. While
the MAE error for this case (8.67%) is slightly higher, it
appears almost equally effective at predicting the CHF data
using the new superpositioning technique.

4. Conclusions

This study examined the two-phase heat transfer perfor-
mance of a new hybrid cooling scheme combining the cool-
ing attributes of slot jets and micro-channel flow. A test
module was constructed and tested using Fluorinert PF-
5052 to explore both the boiling trends and CHF charac-
teristics. Previous CHF correlations for channel flow and
jet impingement were examined for suitability to predicting
data for the hybrid cooling configuration. A new correla-
tion scheme was devised to more accurately correlate the
CHF data. Key findings from the study are as follows:

1. Increasing flow rate both increases the single-phase
heat transfer coefficient and delays the inception of boil-
ing. Increasing subcooling has a weak effect on the sin-
gle-phase region but delays both the heat flux and
surface temperature corresponding to incipient boiling.
2. CHF occurs first at the downstream edge of the test
surface. Like most flow boiling systems, higher CHF
values are realized with the hybrid cooling configuration
with increases in flow rate and/or subcooling.
3. A previous channel flow CHF correlation predicts
values far smaller than measured, while those for slot
jets yield closer predictions. This proves the cooling per-
formance of the hybrid configuration is dominated more
by jet impingement than by channel flow.
4. A new simple CHF correlation scheme is devised
which incorporates predictions of channel flow and slot
jet impingement over the portions of the test surface
dominated by each flow pattern. An overall MEA of
8.42% demonstrates the accuracy of this correlation
scheme at predicting data for the hybrid configuration.
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