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a b s t r a c t

This paper explores the two-phase cooling performance of a hybrid cooling scheme in which a linear
array of micro-jets deposits liquid gradually along each channel of a micro-channel heat sink. The study
also examines the benefits of utilizing differently sized jets along the micro-channel. Three micro-jet pat-
terns, decreasing-jet-size (relative to center of channel), equal-jet-size and increasing-jet-size, were
tested using HFE 7100 as working fluid. It is shown feeding subcooled coolant into the micro-channel
in a gradual manner greatly reduces vapor growth along the micro-channel. Void fraction increased
between jets but decreased sharply beneath each jet, creating a repeated pattern of growth followed
by coalesce, and netting only a mild overall increase in void fraction along the flow direction with pre-
dominantly liquid flow at outlet. Unlike most flow boiling situations, where pressure drop increases with
increasing heat flux, pressure drop in the hybrid configurations actually decreased and reached a mini-
mum just before CHF. This behavior is closely related to the low void fraction and predominantly liquid
flow. Pressure drop in the two-phase region is highest for the equal-jet-size pattern, followed by the
decreasing-jet-size and increasing-jet-size patterns, respectively. Low void fraction increased the effec-
tiveness of the hybrid cooling schemes in utilizing bulk liquid subcooling and therefore helped achieve
high CHF values. The decreasing-jet-size pattern, which had the highest outlet subcooling, achieved
the highest CHF. A single correlation was constructed for the three jet patterns, which relates the two-
phase heat transfer coefficient to heat flux and wall superheat.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Micro-channel heat sinks and impinging jets are two effective
means for removing highly concentrated heat loads from small
surface areas. This is especially the case when the coolant under-
goes phase change. The large increase in the slope of the boiling
curve following the commencement of boiling offers two key cool-
ing advantages. First, this slope increase means large heat fluxes
may be dissipated at relatively low surface temperatures compared
to single-phase cooling. Second, relatively large fluctuations in heat
flux can be managed with minor changes in surface temperature
[1]. Another important advantage of both two-phase micro-chan-
nel heat sinks and two-phase impinging jets is higher critical heat
flux (CHF) compared to other cooling configurations. This is espe-
cially important for the new generation of defense electronics such
as laser and microwave directed energy weapons and radars,
where heat fluxes are expected to exceed 1000 W/cm2 [1].

Two-phase micro-channel heat sinks have been studied exten-
sively for implementation in electronics cooling. While earlier
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work involved mainly single-phase cooling, using water as working
fluid [2], recent literature shows increasing interest in capitalizing
upon the merits of phase change using mostly dielectric coolants.
Key merits of two-phase micro-channel heat sinks are compact-
ness, the ability to achieve very high heat transfer coefficients with
minimal coolant inventory, and the ability to achieve better
stream-wise temperature uniformity than single-phase heat sinks
[3–7]. Bowers and Mudawar [3–5] provided the earliest framework
for designing and modeling two-phase micro-channel heat sinks,
including the prediction of pressure drop, CHF, and heat diffusion
within the metallic heat sink. They were also the first to point
out the complexities of two-phase flow in small channels, includ-
ing appreciable compressibility and flashing effects, as well as
the likelihood of two-phase choking. Jiang et al. [6] conducted flow
visualization studies of water boiling in triangular micro-cannels.
They showed that increasing the heat flux triggers an abrupt
change in flow pattern to unstable slug flow. Qu and Mudawar
[7] identified two types of flow instability in two-phase micro-
channel heat sinks, severe pressure drop oscillation and mild par-
allel channel instability. The severe pressure drop oscillation
causes strong flow pattern fluctuations caused by interaction be-
tween the two-phase mixture in the heat sink’s micro-channels
and the upstream compressible volume in the coolant delivery
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Nomenclature

At top test surface area of copper heating block
(1.0 � 2.0 cm2)

C empirical constant
Djet micro-jet diameter
�h mean convective heat transfer coefficient
�htp mean two-phase heat transfer coefficient
L length of unit cell (also length of micro-channel)
Ljet pitch of micro-jet
Ljet,i length of micro-channel associated with jet i
_m mass flow rate of entire cooling module

n empirical constant
P pressure
PW total electrical power input to cartridge heaters
Q volumetric flow rate of entire cooling module
q00eff effective heat flux based on top test surface area of cop-

per block
q00m critical heat flux based on top test surface area of copper

block
T temperature
Tin fluid temperature at test module inlet
Tout fluid temperature at test module outlet
Ts mean wall temperature
DTsat wall superheat, Ts � Tsat

DTsub subcooling, Tsat – Tin

W width of unit cell
Wch width of micro-channel
Ww half-width of copper wall separating micro-channels
x Cartesian coordinate
y Cartesian coordinate

Greek symbols
q density
/ fluid phase (vapor or liquid)

Subscripts
Ch micro-channel
Cor correlation
exp experiment
f liquid
in test module inlet
m maximum (CHF)
out test module outlet
s test surface
sat saturation
sub subcooling
tp two-phase
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system, and can induce premature CHF. This form of instability
could be virtually eliminated by throttling the flow just upstream
of the heat sink. The mild parallel channel instability is harder to
overcome, despite the upstream throttling. However, it is less tax-
ing on the cooling system and the device being cooled because of
relatively mild pressure and temperature fluctuations. Another
important drawback of two-phase micro-channel heat sinks is
large pressure drop, which is caused by both small hydraulic diam-
eter and large void fraction.

Two-phase jet-impingement cooling has been investigated
experimentally. Mudawar and Wadsworth [8] examined the cool-
ing of a 12.7 � 12.7 mm2 heat source by a confined slot jet using
FC-72 as working fluid. Confining the flow helped prevent the sep-
aration of the wall jets from the surface by the vapor momentum;
this separation can lead to premature CHF. They obtained a com-
prehensive database including broad variations of jet width, ori-
fice-to-surface distance, jet velocity and subcooling, and
developed a CHF correlation for confined jet impingement. Yang
et al. [9] conducted experiments with a free circular jet impinging
on a rectangular heated surface. They showed a high degree of sub-
cooling greatly suppresses bubble growth by condensation. In most
two-phase jet studies, investigators found no obvious influence of
jet velocity on the relationship between the heat flux and the wall
superheat within the nucleate boiling region [10,11]. Overall, two-
phase jet-impingement has the capacity to dissipate very large
heat fluxes corresponding to relatively small pressure drops. A
key concern, however, is that jets concentrate the cooling within
the immediate vicinity of the stagnation zone. Using multiple jets
does reduce this concentrated cooling effect, however, multiple jets
can obstruct the flow of the spent fluid and induce complex flow
instabilities between jets, especially when using a large number
of jets to cool a single heat source [1]. Monde et al. [12] investigated
the combined influence of multiple jet-impingement on nucleate
boiling heat transfer using water and R-113 as working fluids.

Recently, the present authors developed a ‘hybrid cooling’ con-
cept that capitalizes upon the advantages of both micro-channel
flow and jet impingement while avoiding the disadvantages of
both. Using this hybrid cooling technology, a single long slot jet
[13–15] or a linear array of equally sized circular jets [16] supply
coolant into each micro-channel of a multi-channel heat sink to
which an electronic device is attached. Within each micro-channel,
the flow is divided into two equal and opposite parts, each leading
to an outlet plenum. Introducing the coolant gradually into each
channel provides a means for controlling surface temperature gra-
dients in a manner not available with conventional micro-chan-
nels. Furthermore, controlling the flow of spent fluid within
individual micro-channels eliminates the aforementioned instabil-
ities prevalent in conventional multi-jet-impingement modules.
This study is an extension of the authors’ previous work [17] that
explored the benefits of utilizing differently sizes jets along the mi-
cro-channel to single-phase cooling performance; the present
study concerns two-phase cooling performance.

In the present study, three different jet patterns are examined.
Each pattern is defined by jet-size changes symmetrically from
the center of the micro-channel towards the outlet plenums. The
decreasing-jet-size pattern, equal-jet-size pattern, and increas-
ing-jet-size pattern differ in the manner they modulate the relative
contributions of jet impingement and micro-channel flow along
the micro-channel. The performances of the three patterns are
compared relative to the magnitude of two-phase heat-transfer
coefficient, average surface temperature, pressure drop and CHF.

2. Experimental methods

2.1. Test loop

A fluid conditioning system was constructed to deliver HFE
7100 liquid to the test module housing the hybrid cooling hard-
ware at the desired pressure, temperature and flow rate. As illus-
trated in Fig. 1, the system consists of a primary HFE 7100 loop
that contains the test module, and a secondary low temperature
refrigeration system. Three needle valves in the primary loop are



Fig. 1. Schematic of flow loop.
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used to control both the flow rate and test module’s outlet pres-
sure. The flow rate is measured by a Coriolis flow meter. Heat from
the primary coolant is rejected to the refrigeration system via a
heat exchanger. Feedback control in the refrigeration system regu-
lates the temperature of the primary coolant to within ±0.5 �C.

2.2. Test module

Fig. 2 illustrates the construction and assembly of the test mod-
ule. This module consists of a copper heating block, a micro-jet
plate, an upper housing, a bottom housing, lower support plates,
and sixteen cartridge heaters. The micro-channels are equidis-
tantly formed by cutting five 1-mm wide by 3-mm deep slots with-
in the 10-mm width of the top 10 � 20 mm2 test surface of the
copper heating block. The heating block is stepped to help ensure
uniform temperature along the top test surface. The underside of
Fig. 2. (a) Test module construction. (b) C
the heating block is bored to accommodate the sixteen cartridge
heaters, which supply the heat to the micro-channels. The total
electrical power input to the cartridge heaters is measured by a
Yokogawa WT210 wattmeter. Both the upper and bottom housings
are fabricated from high-temperature G-11 fiberglass plastic. The
upper housing includes an inlet plenum that is located above the
micro-jet plate. The primary coolant, HFE 7100, is supplied though
holes in the micro-jet plate in the form of jets that impinge inside
the micro-channels. The flow splits into two equal and opposite
parts in the micro-channels; each is expelled into one of two ple-
nums in the bottom housing. Four type-T thermocouples are in-
serted below the micro-channel’s bottom wall. An absolute
pressure transducer and a type-T thermocouple are connected to
the inlet plenum in the upper housing. Another absolute pressure
transducer and a second thermocouple are each connected to one
of the outlet plenums in the bottom housings. Four stainless steel
ross-section of test module assembly.



Fig. 3. Schematic of unit cell illustrating patterns of (a) decreasing jet size, (b) equal jet size, and (c) increasing jet size.
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pins traverse the top housing, jet plate and copper block to ensure
accurate placement of the micro-jets relative to the micro-
channels.

2.3. Jet patterns

Three different micro-jet patterns are examined; each pattern is
formed in a separate micro-jet plate. A unit cell consisting of a sin-
gle micro-channel and portion of the micro-jet plate facing the
same micro-channel is illustrated in Fig. 3. The figure also shows
the different geometrical parameters of the unit cell. The first mi-
cro-plate has jets decreasing in size along each side of the micro-
channel. The second jet plate has equally-sized jets. Jets in the
third jet plate increase in size from the center of the micro-
channel.

The three micro-jet plates are fabricated from oxygen-free cop-
per. In each plate, five parallel arrays of circular holes are drilled
within the 1-cm width facing the five micro-channels. The total
cross-sectional area of the holes is equal for all three jet plates.
Fig. 4 shows photos of the three micro-jet plates. Detailed dimen-
sions of the micro-jet plates are given in Table 1.

2.4. Operating procedure and measurements

Boiling curves were measured for each of the three jet patterns
subject to variations in coolant flow rate and inlet temperature.
Once the required operating conditions were achieved, electric
power was supplied to the test module’s cartridge heaters in small
increments up to CHF. Key parameters were measured after steady
state was achieved following each power increment. These include
module inlet pressure, Pin, outlet pressure, Pout, inlet temperature,
Tin, outlet temperature, Tout, heating block thermocouple tempera-
tures, and heater power input, PW.

The total volumetric flow rate was determined from the mea-
sured mass flow rate, _m, and coolant density, qf,
Q ¼
_m
qf
: ð1Þ

The effective heat flux, q00eff , from the top test surface of the cop-
per heating block was determined by dividing the total electrical
power input, PW, by the test surface area, At = 10 � 20 mm2.

q00eff ¼
PW

At
: ð2Þ

The heat transfer coefficient was calculated from

�h ¼
q00reff

ðTs � TinÞ
ð3Þ

where Ts is the mean temperature of the test surface.
Special attention was given to minimizing heat loss from the

copper block. A 3-D numerical model of the entire test module
yielded a heat loss to the ambient of less than 4% of the electrical
power input during the two-phase region. The heat fluxes reported
in the present paper are therefore based on the measured electrical
power input.

Measurement uncertainties associated with the pressure trans-
ducers, flow meter, wattmeter, and thermocouples are 0.5%, 0.1%,
0.5%, and 0.3� C, respectively. Table 2 summarizes the operating
conditions of the study.

3. Results and discussion

3.1. Boiling curve trends

Since high-flux electronic and power devices for which the
present cooling scheme is intended undergo power fluctuations
during normal operation, it is important to determine the temper-
ature response of the device to these power fluctuations. Of special
importance is the ability to produce the same temperature for a gi-
ven heat flux value regardless how this heat flux is reached. Nucle-



Fig. 4. Photos of jet plates with patterns of (a) decreasing jet size, (b) equal jet size, and (c) increasing jet size.

Table 1
Dimensions of unit cell.

L (mm) Ljet1 (mm) Ljet2 (mm) Ljet3 (mm) Ljet4 (mm) Ljet5 (mm) W (mm)

20.00 1.84 1.62 1.44 1.23 1.43 1.83

Wch (mm) Ww (mm) Djet1 (mm) Djet2 (mm) Djet3 (mm) Djet4 (mm)

1.00 0.42 0.60 0.45 0.30 0.42

Table 2
Experimental operating conditions.

Working
fluid

Inlet temperature Tin

(�C)
Inlet flow rate
_m(g/s)

Effective heat flux
q00eff (W/cm2)

HFE 7100 �40 to 20 11.1–55.9 16.1–505
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ate boiling performance can manifest significant hysteresis
depending on whether a particular operating condition is achieved
by increasing or decreasing the heat flux. Hysteresis is encountered
both at the onset of boiling and throughout the nucleate boiling re-
gion. Virtually all dielectric fluids used in electronics cooling are
prone to incipient boiling hysteresis. Because of the low contact
angle of these coolants, liquid can easily flood cavities, depriving
potential nucleation sites from the vapor embryos necessary to ini-
tiate and sustain the boiling process [1]. When increasing the heat
flux from a non-boiling state, appreciable wall superheat – over-
shoot – is required to initiate the boiling process. Once boiling is
initiated, the ensuing large increase in the heat transfer coefficient
causes a sudden decrease in the wall temperature. The large incip-
ient wall superheat and ensuing temperature drop are highly trou-
blesome in electronics cooling because of the potential for thermal
shock to the device. Increasing the heat flux beyond the incipience
point follows a fairly predictable relationship between the heat
flux and wall temperature. Similar behavior is achieved when
decreasing the heat flux. However, the transition from nucleate
boiling to single-phase cooling occurs without the aforementioned
incipience overshoot, hence the term hysteresis. Another form of
hysteresis is manifest in differences in the wall temperature in
the nucleate boiling region when increasing versus decreasing
the heat flux.

Fig. 5 shows boiling curves that were measured by increasing
and decreasing the heat flux for the decreasing-jet-size pattern at
Q = 2.33 � 10�5 m3/s and Tin = 0� C. Heat flux in these tests was in-
creased in small increments up to CHF and then decreased again in
small increments. The mean surface temperature, Ts, in Fig. 5 was
determined as follows. First, local surface temperatures were cal-
culated by correcting the thermocouple temperatures for one-
dimensional heat conduction between the thermocouple location
and the test surface immediately above. These temperatures were
then area-averaged to determine Ts. The inlet temperature was
measured by the thermocouple located in the inlet plenum. Fig. 5
shows the two boiling curves are identically matched, proving
the hybrid cooling scheme precludes both forms of hysteresis.

Fig. 6 shows the effects of flow rate on the boiling curve for the
three jet patterns. For each pattern, increasing the flow rate aug-
ments single-phase heat transfer considerably and delays the onset
of nucleate boiling (ONB) to a higher heat flux. Boiling curves tend
to converge in the nucleate boiling region, which is consistent with
findings from previous jet impingement studies [8,11]. Increasing
flow rate also enhances CHF appreciably. Notice that not all boiling
curves culminate in CHF. High flow rate tests produced very high
temperatures in the heating block and had to be terminated before
CHF to prevent any permanent damage to the test module.

Fig. 7 shows the effects of subcooling on the boiling curve for
the three jet patterns at Q = 7.66 � 10�6 m3/s. For each pattern,
increasing the subcooling delayed the onset of boiling and CHF to



Fig. 5. Boiling curves corresponding to increasing and decreasing heat flux for
decreasing-jet-size pattern.

Fig. 6. Effects of flow rate on boiling curve for patterns of (a) decreasing jet size, (b)
equal jet size, and (c) increasing jet size.
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both higher heat fluxes and higher surface temperatures. Overall,
Fig. 7 shows the decreasing-size-jet pattern achieves the highest
CHF at a given level of subcooling followed, respectively, by the
equal-jet-size and increasing-jet-size patterns. Those differences
in boiling behavior among the different jet patterns are closely re-
lated to the fact that the present hybrid cooling configurations are
associated with very mild void fractions (this issue will be dis-
cussed later), where bulk liquid flow plays a major role even in
the nucleate boiling region. In a previous study by the authors on
differences in single-phase performance among the three jet pat-
terns [17], numerical simulations showed the decreasing-jet-size
pattern yields the lowest surface temperature (i.e., highest heat
transfer coefficient), followed by the equal-jet-size and increas-
ing-jet-size patterns, respectively. This also implies the decreas-
ing-jet-size pattern delays the onset of boiling to a higher flux
and decreases void fraction compared to the other two patterns.
With a lower void fraction, the decreasing-jet-size pattern provides
greater access of subcooled bulk liquid to the wall, resulting in the
highest CHF for this pattern. The single-phase numerical simula-
tions also showed the equal-jet-size pattern provides the greatest
surface temperature uniformity, while the fluid flow with the
increasing-jet-size pattern is complicated by blockage from the
large jets located near the channel outlet.

3.2. Pressure drop

Fig. 8(a) shows the variation of pressure drop with heat flux for
the decreasing-jet-size pattern at Q = 7.45 � 10�6 m3/s and four
subcoolings. For the single-phase region, pressure drop decreases
with increasing temperature because of reduced viscosity.
Fig. 8(a) shows pressure drop decreases with increasing heat flux
for each inlet temperature because of this viscosity effect. Interest-
ingly, this trend continues into the two-phase region, with the
minimum pressure drop encountered just before CHF. This is con-
trary to trends found in most flow boiling situations, where pres-
sure drop increases appreciably in the two-phase region. This
unusual trend may be explained by the fundamentally different
nucleate boiling pattern encountered in the hybrid cooling config-
uration compared to conventional micro-channel two-phase flow.
As illustrated in Fig. 9(a), void fraction in conventional micro-chan-
nel flow increases monotonically along the micro-channel, increas-
ing both the frictional and accelerational components of pressure
drop. In the hybrid cooling configuration, Fig. 9(b), void fraction in-
creases gradually between jets before being greatly reduced by
condensation beneath the jets. This results is a repeated pattern



Fig. 7. Effects of subcooling on boiling curve for patterns of (a) decreasing jet size,
(b) equal jet size, and (c) increasing jet size.

Fig. 8. (a) Variation of pressure drop with heat flux for different inlet temperatures
for decreasing-jet-size pattern. (b) Variation of pressure drop with heat flux for
different jet patterns.
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of void fraction growth and collapse along the micro-channel, and
a mild overall increase in void fraction along both sides of the mi-
cro-channel. Small void fraction results in both small pressure drop
and pressure drop characteristics that are dominated by liquid
friction.

Fig. 8(b) shows the variation of pressure drop with heat flux for
the three jet patterns at Q = 2.33 � 10�5 m3/s and Tin = 0 �C. Data
for all patterns follow a trend of decreasing pressure drop with
increasing heat flux because of the reduced liquid viscosity. This
trend also persists in the two-phase region because of the mild
overall increase in void fraction along the micro-channel. Feeding
subcooled liquid from jets gradually along the micro-channel ap-
pears to help maintain a predominantly liquid state at the micro-
channel outlet with a relatively small mass of vapor confined to
the micro-channel walls. CHF is consistent with the mechanism
of Departure from Nucleate Boiling (DNB) associated with highly
subcooled flow boiling, high mass velocities, and small length-to-
diameter ratios [18]. Fig. 8(b) shows pressure drop is highest for
the equal-jet-size pattern followed, respectively, by the decreas-
ing-jet-size and increasing-jet-size patterns.

3.3. Two-phase heat transfer

Fig. 10 shows the variation of outlet fluid temperature with heat
flux for the three jet patterns at Q = 2.33 � 10�5 m3/s and Tin = 0� C.



Fig. 9. Schematic representation of vapor growth and variation of void fraction along micro-channel for (a) conventional micro-channel and (b) hybrid cooling configuration.
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These trends are consistent with the earlier discussion concerning
outlet surface and fluid temperatures. Fig. 10 shows the decreas-
ing-jet-size patterns produced the lowest temperatures followed,
respectively, by the equal-jet-size and increasing-jet-size patterns.

Fig. 11(a) shows the variation of the area-averaged surface tem-
perature with heat flux at Q = 7.50 ± 0.1 � 10�6 m3/s and
Tin = 40� C. For the high flux data preceding CHF, lowest surface
temperatures are achieved with the decreasing-jet-size pattern fol-
lowed by the equal-jet-size and increasing jet-size patterns,
respectively, in accordance with the trend captured in Fig. 10 for
outlet fluid temperature.

Fig. 11(b) shows the heat transfer coefficient in the two-phase
region preceding CHF is also highest for the decreasing-jet-size
pattern followed by the equal-jet-size and increasing-jet-size pat-
terns, respectively. This trend in consistent with the above-men-
tioned (1) strong influence of single-phase liquid flow, and (2)
the trend of lowest wall and fluid outlet temperatures for the
decreasing-jet-size pattern. Fig. 11(b) shows the decreasing-jet-
size pattern also produces the highest CHF because of low void
fraction and better access of subcooled bulk liquid to the wall.

Nonetheless, Fig. 11(b) shows heat transfer coefficient varia-
tions among jet patterns are relatively small; those variations are
quite significant for single-phase flow [17]. The present results
point to the possibility of developing a universal two-phase heat
transfer coefficient correlation applicable to all three patterns.

In previous studies by the present authors, nucleate boiling data
for the hybrid cooling scheme using both micro-slot jets [15] and
equally-sized micro-circular jets [16], were correlated using the
following relations between heat flux and wall superheat.

q00reff ¼ CDTn
sat ð4Þ

and q00reff ¼ �htpðTs � TinÞ ¼ �htpðDTsat þ DTsubÞ: ð5Þ
Fig. 10. Variation of micro-channel outlet temperature with heat flux for different
jet patterns at Q = 2.33 � 10�5 m3/s and Tin = 0 �C.

Fig. 11. (a) Variation of surface temperature with heat flux for three jet patterns at
Q = 3.87 � 10�5 m3/s and Tin = 40� C. (b) Variation of two-phase heat transfer
coefficient with wall superheat for three jet patterns at two flow rates and Tin = 0 �C.
Combining these relations yields a general relationship for the two-
phase heat transfer coefficient.

�htp ¼
q00ref

q00
eff

C

� �1=n

þ DTsub

ð6Þ

The empirical constants n and C in the above equation were ob-
tained by a least-squares’ fit to the entire nucleate boiling database
for all three jet patterns, resulting in the correlation



Fig. 12. Comparison of predictions of two-phase heat transfer coefficient correla-
tion with HFE 7100 data.
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�htp ¼
q00eff

q00
eff

64:81

� �1=3:252
þ DTsub

ð7Þ

Fig. 12 shows the above correlation is equally successful at predict-
ing 155 nucleate boiling data points for the three jet patterns, evi-
denced by a mean absolute error of only 6.59%.
4. Conclusions

This study examined a two-phase hybrid cooling scheme that
combines the cooling benefits of micro-channel flow and micro-
jet impingement. Three micro-jet patterns were examined,
decreasing-jet-size, equal-jet-size and increasing-jet-size. The per-
formance of each pattern was examined experimentally using HFE
7100 as working fluid. Key findings from the study are as follows:

1. The hybrid cooling configuration provides a two-phase cooling
performance that is free from the incipient boiling overshoot
and temperature drop, which are prevalent in many boiling sit-
uations involving low contact angle liquids. Furthermore, virtu-
ally identical boiling curves are achieved by increasing and
decreasing heat flux, proving this configuration is void of nucle-
ate boiling hysteresis. These attributes render the hybrid cool-
ing scheme highly effective for electronics cooling applications.

2. Feeding subcooled coolant into the micro-channel in a gradual
manner greatly reduces vapor growth along the micro-channel.
Void fraction increases between jets but decreases sharply
beneath the jets. This creates an unusual pattern of void fraction
growth followed by coalesce, and a relatively mild overall
increase along the flow direction with predominantly liquid
flow at outlet.

3. Pressure drop in the single-phase region decreases with
increasing heat flux because of decreasing liquid viscosity.
However, unlike most flow boiling situations, where pressure
drop begins increasing in the nucleate boiling region, pressure
drop in the hybrid configuration continues decreasing and
reaches a minimum just before CHF. This behavior is closely
related to the low void fraction and predominantly liquid flow.
Pressure drop in the two-phase region is highest for the equal-
jet-size pattern, followed by the decreasing-jet-size and
increasing-jet-size patterns, respectively.

4. Because of the mild void fraction, the hybrid cooling configura-
tion is highly effective at utilizing the bulk liquid subcooling to
achieve high CHF values. It is postulated CHF mechanism is sim-
ilar to that of Departure from Nucleate Boiling (DNB) encoun-
tered in channel flow with high flow rates, high subcoolings
and small length-to-diameter ratios. Highest CHF values are
achieved with the decreasing-jet-size pattern because this pat-
tern yields the highest outlet subcooling.

5. A single correlation is constructed for the three jet patterns,
which relates the two-phase heat transfer coefficient to heat
flux and wall superheat. The correlation predicts the two-phase
HFE 7100 data with a mean absolute error of 6.59%.
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