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Abstract

A new hybrid cooling scheme is proposed for high-flux thermal management of electronic and power devices. This scheme combines
the cooling benefits of micro-channel flow and micro-jet impingement with those of indirect refrigeration cooling. Experiments were per-
formed to assess single-phase cooling performance using HFE 7100 as working fluid. Excellent predictions were achieved using the stan-
dard k–e model. The proposed cooling scheme is shown to involve complex interactions of impinging jets with micro-channel flow.
Increasing jet velocity allows jets to penetrate the micro-channel flow toward the heated surface, especially in shallow micro-channels,
greatly decreasing wall temperature. Despite the relatively poor thermophysical properties of HFE 7100, the proposed cooling scheme
facilitated the dissipation of 304.9 W/cm2 without phase change; further improvement is possible by increasing jet velocity and/or
decreasing coolant temperature. In addition to the numerical predictions, a superpositioning technique is introduced that partitions
the heat transfer surface into zones that are each dominated by a different heat transfer mechanism, and assigning a different heat transfer
coefficient value to each zone. Using this technique, a new correlation is developed that fits the data with a mean absolute error of 6.04%.
� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Spurred by micro-miniaturization of electronic compo-
nents and greatly increased component and circuit density
in electronic and power devices, heat dissipation has become
a primary concern in the design of such devices. High perfor-
mance cooling schemes are therefore becoming increasingly
important to the development of high-end devices.

Removal of the heat dissipated by an electronic or
power device is only one aspect of a cooling solution.
Another is the need to maintain device temperature safely
below a limit that is dictated by both material and perfor-
mance concerns. This is especially the case with devices that
dissipate very large heat fluxes. For a finite thermal resis-
tance across the cooling fluid and various materials com-
prising an electronic package, dissipating high heat fluxes
while maintaining an acceptably low device temperature
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requires decreasing the temperature of the working fluid.
Low temperature electronic cooling using indirect refriger-
ation cooling of the working fluid is an effective means for
achieving this objective. Low temperature cooling also
improves the performance of an electronic device by
decreasing current leakage. Naeemi and Meindl [1] showed
the performance of a CMOS chip at �100 �C could be as
high as 4.3 times the performance at 85 �C. Schmidt and
Notohardjono [2] also showed low temperature cooling
offers orders of magnitude improvement in reliability.

To combat cooling challenges, a myriad of liquid cool-
ing schemes have been developed and tested, mostly since
the early 1980s. Of those, jet impingement and micro-chan-
nel heat sinks have emerged as the two most powerful ther-
mal solutions for such next generation devices as
microprocessors, laser diodes, radars and X-ray anodes [3].

Jet impingement cooling has been investigated both
experimentally [4–7] and numerically [8–10]. These studies
demonstrated the effectiveness of jet impingement at main-
taining very low thermal resistances, especially in the jet’s
stagnation zone. A key drawback in using a single jet to
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Nomenclature

a empirical constant
At top test surface area of copper heating block
b empirical constant
c empirical constant
C1, C2, C3 empirical constants
C1, C2, Cl turbulence model constants
cp specific heat at constant pressure
Djet diameter of micro-jet
G production of turbulent energy
H height of unit cell
Hch height of micro-channel
Hjet height (length) of micro-jet
Hth height from thermocouple hole to unit cell bot-

tom boundary
Hw height from unit cell bottom boundary to test

surface
h convective heat transfer coefficient,

q00eff= T w � T inð Þ
k thermal conductivity; turbulent kinetic energy
L length of unit cell (also length of micro-channel)
Ljet jet pitch
L1, L2, L3, L4 distance between thermocouple holes
_m mass flow rate
n outer normal coordinate at interface between

solid and liquid
Njet number of micro-jets per single micro-channel
Nu Nusselt number
p perimeter of micro-channel
P pressure
Pr Prandtl number
Prt turbulent Prandtl number
PW electrical power supplied to copper heating

block
q00eff effective heat flux based on top test surface area

of copper heating block, PW/At

Re Reynolds number
T temperature

Tin fluid inlet temperature
Ttci temperature measured by thermocouple tci

(i = 1–4)
u velocity component in x direction
Ui Cartesian components of velocity
Ujet mean jet velocity
v velocity component in y direction
w velocity component in z direction
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
z Cartesian coordinate

Greek symbols

e dissipation rate of turbulent kinetic energy
l dynamic viscosity
lt eddy viscosity
m kinematic viscosity
q density
re empirical constant in k and e transport equa-

tions
rk empirical constant in k and e transport equa-

tions

Subscripts

ch channel
f fluid
in inlet
s solid
t turbulent
tci thermocouple (i = 1–4)
w wall
C interface between solid and liquid
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cool the surface of an electronic device is large variation of
surface temperature caused by a sharp reduction in the heat
transfer coefficient away from the stagnation zone. Multi-
ple jets are often used to attenuate those variations by cre-
ating multiple, closely spaced stagnation zones. Here too,
problems arise due to flow blockage between closely spaced
jets especially for jets that are situated towards the center of
the device surface. Blockage for the central jets can also
greatly complicate coolant distribution and exit of the
spent fluid [5]. Clearly, better means are needed to capital-
ize upon the merits of multiple jet impingement while facil-
itating a more advantageous flow distribution inside of,
and exit from, a cooling module.

Micro-channel heat sinks have been studied quite exten-
sively for chip cooling applications. In an early often-cited
study, Tuckerman and Pease demonstrated heat removal
rates up to 790 W/cm2 using water as working fluid [11].
A key advantage of micro-channel heat sinks is their ability
to achieve high heat transfer coefficients using coolant flow
rates that are far smaller than those required with jet
impingement. However, this advantage is realized with a
very large temperature rise along the direction of fluid flow
as well as large pressure drop, both of which are very unde-
sirable in electronics cooling. In addition to experimental
work, several numerical studies have been published on
the fluid flow and heat transfer characteristics of micro-
channel heat sinks [12–14]. Qu and Mudawar [14] demon-
strated that the conventional Navier–Stokes and energy
equations provide accurate prediction of a heat sink’s sin-
gle-phase heat transfer characteristics.
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Clearly, both jet impingement and micro-channel heat
sinks can dissipate the high heat fluxes anticipated in future
high performance devices. However, as explained above,
both have drawbacks. Recently, the authors of the present
study proposed an effective means for capitalizing upon the
merits of cooling schemes while alleviating some their
shortcomings [15]. They showed how a ‘hybrid’ cooling
scheme consisting of slot jets that feed fluid into micro-
channels can meet the challenges of high performance elec-
tronic devices by facilitating the dissipation of high heat
fluxes while also maintaining uniformity in the device sur-
face temperature.

In this study, a new hybrid cooling scheme is discussed
that ensures excellent heat removal capability while main-
taining fairly uniform surface temperature. This scheme
involves feeding coolant from a series of circular micro-jets
to each micro-channel in a modified micro-channel heat
sink module. Numerical simulation is first used to select
key geometrical parameters, and the selected geometry is
then examined experimentally. A superpositioning tech-
nique is used to develop a single-phase heat transfer corre-
lation for this new cooling scheme.

2. Experimental methods

2.1. Flow loop

Fig. 1 shows the flow loop that was configured to supply
3M Novec liquid HFE 7100 to a test module that housed
Fig. 1. Schematic
the hybrid cooling configuration. This dielectric liquid
was supplied from a reservoir with the aid of a centrifugal
pump. The liquid first passed through a heat exchanger,
where its temperature was greatly reduced by sensible heat
exchange to refrigerant in a two-stage cascade chiller. The
mass flow rate of HFE 7100 was measured by a Coriolis
flow meter before the liquid entered the test module. The
coolant flow was throttled using two control valves, one
located upstream and the second downstream of the test
module. The downstream valve also set the desired test
module outlet pressure. After exiting the test module, the
liquid returned to the reservoir to complete a full flow
cycle.

2.2. Test module

Fig. 2 illustrates the layered construction and assembly
of the test module. The micro-channels were machined into
the top surface of a copper heating block. The test module
also included a micro-jet plate, an upper plenum plate, a
lower support plate, and 16 cartridge heaters. Fig. 3 shows
further details and key dimensions of the heating block.
This block was tapered in two steps to improve tempera-
ture uniformity along its top 1.0 � 2.0 cm2 test surface.
Machined into its top surface were five 1 mm wide and
3 mm deep slots. Six copper-constantan (type-T) thermo-
couples were inserted below the test surface to monitor
its temperature. Sixteen holes were drilled into the large
underside of the heating block to accommodate the
of flow loop.



Fig. 2. (a) Test module construction. (b) Cross-section of module assembly.

Fig. 3. Details of copper heating block.
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cartridge heaters. These heaters were connected in a com-
bined series/parallel circuit and powered by a singe 0-110
VAC variac. Total power dissipation from the cartridge
heaters was measured by a Yokogawa WT 210 wattmeter.
The top plenum plate and lower support plate of the test
module were fabricated from high temperature fiberglass
plastic (G-11). Blanket insulation around the circumfer-
ence, and solid ceramic insulation at the bottom of the cop-
per block helped minimize heat loss to the ambient. RTV
silicone rubber was applied along the interface between
the heating block and lower support plate to prevent liquid
leakage.

The micro-jet plate was fabricated from oxygen-free
copper. Five parallel arrays of fourteen 0.39 mm diameter
circular holes were drilled equidistantly within the 1 cm
width facing the five micro-channels. O-rings were used
to prevent liquid leakage between the jet plate and the
upper plenum plate and lower support plate. An absolute
pressure transducer and a type-T thermocouple were con-
nected to the inlet plenum in the top plenum plate. Another
absolute pressure transducer and a second type-T thermo-
couple were connected to the outlet plenums in the lower
support plate. Four stainless steel pins were used to align
the cover plate with the housing to ensure accurate place-
ment of the jets relative to the micro-channels.

2.3. Measurement uncertainty

Measurement uncertainties associated with the pressure
transducers, flow meter, wattmeter, and thermocouples
were 0.5%, 0.1%, 0.5%, and 0.3 �C, respectively. A numer-
ical 3-D model of the entire test module yielded a worst-
case heat loss (corresponding to the lowest coolant flow
rate tested) of less than 8% of the electrical power input.
The heat fluxes reported in the present paper are therefore
based on the measured electrical power input.

3. Numerical scheme

Fig. 4 shows a unit cell that was used in the numerical
simulation of the test module. The unit cell consists of
one of the five micro-channels along with the associated
array of micro-jets and surrounding solid. Key dimensions
of the unit cells are given in Table 1. Fig. 4 shows both top
and side sectional views of the unit cell and corresponding
coordinate system and key notations. Because of symme-
try, a computational domain consisting of only one quarter
of the unit cell is required.

Flow profiles and heat transfer characteristics of the
computational domain were predicted using Fluent
6.2.16, which is based on the finite volume method
(FVM) [16]. The geometry and meshes for the computa-
tional domain were generated using Gambit 2.2.30 [17].
The standard two-equation k–e turbulent model [18] was
used for closure of the Reynolds stress tensor. Solid–liquid
interfaces are governed by continuities of both temperature
and heat flux,
T s;C ¼ T f;C ð1Þ
and

�ks

oT s

on

����
C

¼ �kf

oT f

on

����
C

: ð2Þ

Conservation equations are expressed in the Cartesian
tensor notation for steady, turbulent and incompressible
flow with constant properties as follows.

For the fluid region:
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The production of turbulent energy is defined as
G ¼ �uiujoU i=oxj. The following values were used for the
coefficients in the above equations: Cl = 0.09, C1 = 1.44,
C2 = 1.92, rk = 1.0, re = 1.3, and Prt = 0.85.

For the solid region:

Ui ¼ 0; ð9Þ
and

o

oxj
ks

oT
oxj

� �
¼ 0: ð10Þ

Heat transfer in the unit cell is a conjugate one combining
conduction and convection effects. Boundary conditions
were specified as follows:

u ¼ 0; v ¼ 0; w ¼ �U jet; and

T ¼ T in; for the jet inlet ð11Þ

_m ¼ _min;
ov
ox
¼ 0;

ow
ox
¼ 0; and

oT
ox
¼ 0; for the channel outlet: ð12Þ

For the solid regions, a constant heat flux was applied
along the copper bottom boundary of the unit cell:

�ks

oT
oz
¼ q00eff ; ð13Þ

where q00eff was determined from measured electrical power
input



Fig. 4. Schematic of unit cell consisting of single row of circular micro-jets and single micro-channel.

Table 1
Dimensions of unit cell

L

(mm)
L1

(mm)
L2

(mm)
L3

(mm)
L4

(mm)
W

(mm)
Wch

(mm)
Ww

(mm)
H

(mm)
Hjet

(mm)
Hch

(mm)
Hw

(mm)
Hth

(mm)
Djet

(mm)
Ljet

(mm)

20.00 4.00 6.00 3.00 6.00 1.83 1.00 0.42 14.27 1.65 3.00 7.62 5.08 0.39 1.43
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q00eff ¼
P W

At

: ð14Þ

A zero heat flux condition was applied to all solid ther-
mal boundaries except the interfaces between fluid and
copper. The SIMPLE (Semi-Implicit Method for Pres-
sure-Linked Equations) algorithm by Patankar [19] was
used to couple velocities and pressure. A total of 593,460
mesh cells were used in the numerical simulation.
4. Numerical results

4.1. Effects of micro-channel geometry

As discussed earlier, high temperatures and large spatial
temperature gradients are two key obstacles to the imple-
mentation of many seemingly effective high-flux cooling
schemes [3]. In this study, the effects of micro-channel



Fig. 5. Numerical predictions of the effects of micro-channel height on
surface temperature for jet velocities of (a) Ujet = 1 m/s, (b) Ujet = 5 m/s,
and (c) Ujet = 10 m/s.
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geometry on both maximum surface temperature and spa-
tial temperature variations were investigated for different
values of micro-jet velocity in pursuit of superior cooling
geometry.

Referring to Fig. 4, the performance of the hybrid con-
figuration was examined by varying two key geometrical
parameters: micro-channel width (Wch) and micro-channel
height (Hch). The performance predictions were repeated
for three jet velocities, 1, 5 and 10 m/s for an inlet HFE
7100 liquid temperature of 0 �C and a heat flux of
q00eff ¼ 300 W=cm2. Both the diameter and pitch of the cir-
cular jets were held constant in this parametric study. Geo-
metrical parameters used in the numerical study are
summarized in Table 2.

Fig. 5 shows the parametric effects of micro-channel
height for a fixed width of Wch = 1 mm and three jet veloc-
ities. Notice the large overall decrease in surface tempera-
ture as jet velocity is increased from Ujet = 1 to 10 m/s
caused by the large dependence of the convective heat trans-
fer coefficient on jet velocity. For Ujet = 5 and 10 m/s, Fig. 5
shows an advantageous decrease in the maximum surface
temperature with decreasing channel height. By reducing
channel height, the jet flow is better able to penetrate the
liquid flow in the micro-channel, and the impingement effect
is felt more strongly at the surface. However, the decrease in
maximum surface temperature realized by reducing micro-
channel height is accompanied by more appreciable temper-
ature gradients both locally and along the entire length of
the micro-channel. The local gradients are the result of
the aforementioned strong impingement effects, while the
overall gradient is due to increased flow rate along the
micro-channel. However, Fig. 5a shows reducing micro-
channel height from 3 to 1 mm increases surface
temperature.

To explain these seemingly opposite trends, streamline
plots were generated for the smallest micro-channel height
of Hch = 1 mm for Ujet = 1 m/s, Fig. 6a, and Ujet = 5 m/s,
Fig. 6b. Notice in Fig. 6a for the low velocity case that
while the upstream jet (close to central region of micro-
channel, where flow rate is zero) can easily impact the sur-
face, its spent fluid makes it difficult for the second jet to
penetrate towards the surface. The spent fluid from the first
and second jets makes it even more difficult for the third jet
to reach the surface, and so on. On the other hand, Fig. 6b
shows that despite the increasing flow rate of spent fluid
from upstream, jets at Ujet = 5 m/s are better able to pene-
trate the micro-channel flow. In other words, heat removal
is dominated more by micro-channel flow at Ujet = 1 m/s
and by jet impingement at Ujet = 5 m/s. Clearly, the effects
of jet impingement must diminish even at Ujet = 5 m/s had
longer micro-channels been tested. For the lower jet veloc-
Table 2
Dimensions tested in numerical parametric study

Hch (mm) Wch (mm) Djet (mm) Ujet (m/s)

1.00, 3.00, 6.00 1.00, 1.40 0.39 1, 5, 10
ity, the reduced surface temperature achieved by increasing
micro-channel height from 1 to 3 mm (see Fig. 5a) is appar-
ently the result of the increased heat transfer area available
for the micro-channel flow.

Fig. 7 shows the effects of micro-channel width, Wch, on
surface temperature for Hch = 3.0 mm and Ujet = 5 m/s
while maintaining a fixed pitch of W = 1.83 mm between
micro-channels. As shown in Fig. 4, increasing Wch

decreases the micro-channel wall thickness Ww. Fig. 7
shows increasing Ww by reducing Wch from 1.4 to
1.0 mm decreases both surface temperature and tempera-
ture gradient along the micro-channel. This behavior is
believed to be the result of the increased contribution of
conduction through the thicker sidewalls.

Using these parametric trends of micro-channel geometry
as a guide to achieving favorable cooling performance,
experiments were performed using the geometry detailed in
Table 1 subject to the operating conditions given in Table 3.



Fig. 6. Streamline plots for Hch = 1 mm, Wch = 1 mm and jet velocities of
(a) Ujet = 1 m/s and (b) Ujet = 5 m/s.

Fig. 7. Numerical predictions of the effects of micro-channel width on
surface temperature for Ujet = 5 m/s and Hch = 3 mm.

Table 3
Experimental operating conditions

Working
fluid

Inlet temperature
Tin (�C)

Inlet velocity
Ujet (m/s)

Effective heat flux
q00eff ðW=cm2Þ

HFE
7100

�40 to 20 0.85–4.70 16.1–304.9
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5. Experimental results

5.1. Overall cooling performance

As indicated earlier, three key objectives of the new
hybrid cooling scheme are (1) dissipating large heat fluxes,
(2) maintaining low surface temperatures, and (3) reducing
surface temperature gradients. Fig. 9 shows thermocouple
readings of the copper heating block as a function of jet
Reynolds number for q00eff ¼ 50 and 91 W=cm2. Clearly evi-
dent in this figure is the advantageous effect of increasing
Rejet at reducing surface temperature for a given heat flux.
There is also a slight decrease in temperature gradient
between thermocouples at higher Rejet. However, both sur-
face temperature and temperature gradient increase with
increasing heat flux.

Overall, axial surface temperature variations over the
entire single-phase cooling region up to 50 W/cm2 were less
than 1.5 �C. Remarkably, the present experiments reached
a single-phase cooling heat flux of 304.9 W/cm2. This con-
dition was achieved with Tin = �40 �C and Ujet = 4.42 m/s.
Yet even at this high heat flux, the average surface temper-
ature was only 68.0 �C, well below the maximum recom-
mended temperature for modern high performance
electronic devices.

5.2. Comparison of numerical predictions and experimental

results

Fig. 8 shows excellent agreement between numerical pre-
dictions of temperature along the thermocouple line in the
copper heating block and the four thermocouples measure-
ments. This agreement proves the standard k–e model
accurately predicts the heat transfer performance of the
hybrid cooling scheme.

6. Correlation of heat transfer data

A new single-phase heat transfer correlation is sought
for the new hybrid cooling scheme. Such a correlation
can serve as a convenient tool for design of electronic
Fig. 8. Comparison of numerical predictions of temperatures along
thermocouple line and measured temperatures.
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modules utilizing the new hybrid cooling scheme, eliminat-
ing the need for much of the aforementioned numerical
modeling.

A superpositioning technique originally developed by
Wadsworth and Mudawar [6] for slot jets can be tailored
to hybrid configurations where different cooling mecha-
nisms dominate different portions of the surface. This tech-
nique was quite effective at correlating their single-phase
data, and was later used successfully to correlate data for
multiple slot jets [20] as well as the present authors’ own
data for the aforementioned hybrid slot jet/micro-channel
cooling scheme [15].

This technique consists of applying different correlations
of the same general form

Nu

Pr0:4
f

¼ f ðReÞ ð15Þ

to the different surface regions. Fig. 10 illustrates for a sin-
gle jet cell the different surface regions associated with a
single jet: an impingement region, two identical bottom
wall regions on either side of the impingement region,
and a micro-channel flow region. The micro-channel flow
region encompasses upstream and downstream bottom
wall regions shown in Fig. 10, as well as the sidewalls
and top wall of the micro-channel for the entire jet cell
Fig. 9. Thermocouple readings in copper heating block versus jet
Reynolds number for different heat fluxes and inlet temperatures.

Fig. 10. Schematic of superpositioning technique for correlating single-
phase heat transfer data.
(top wall is thermally conducting in present cooling mod-
ule). Assuming surface temperature is uniform across the
entire wetted surface, the superpositioning technique yields
the following relation for overall heat transfer coefficient,
�hL:

�hLphL ¼ 2
XN jet=2

i¼1

�hjet;i

pD2
jet

4

" #
þ �hch1;i W chDjet �

pD2
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4

 !" #(
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pD2
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4

 !" #)
; ð16Þ

where Njet is the number of micro-jets per single micro-
channel and ph the micro-channel perimeter. Since channel
velocity increases away from the central jets towards the
outlet due to the increased flow rate, Eq. (16) is written
to allow for variations in the values of heat transfer coeffi-
cients between successive jet cells similar to those depicted
in Fig. 10.

Eq. (16) can be represented in the dimensionless form

NuL ¼
�hLL
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The Reynolds used to characterize the heat transfer in
the different surface regions depicted in Fig. 10 are defined
as

Rejet;i ¼
U jetDjet

mf

; ð18aÞ

Rech1;i ¼
U ch1;i

W chDjet�
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jet
4
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 !
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and
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U ch2;i
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N jet
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1
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: ð18cÞ

The characteristic velocity in Eq. (18b) is assumed equal to
the jet velocity due to the strong attachment of wall jet in
that region and the Bernoulli assumption

U ch;i ¼ U jet: ð19Þ

The characteristic velocity in Rech2,i is determined from
continuity, accounting for the gradual increase in flow rate
away from the center of the micro-channel

U ch2;i ¼
U jet

pD2
jet

4
i

W chH ch

: ð20Þ



Fig. 11. Comparison of predictions of single-phase heat transfer corre-
lation and experimental data.
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Therefore the heat transfer correlation can now be writ-
ten as

NuL
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f

¼ 2
XN jet=2

i¼1

C1Rea
jet

Djet

ph

� �
þ C2Reb

ch1 þ C3Rec
ch2;i

� �

¼ 2
XN jet=2

i¼1

C1Rea
jet

Djet

ph

� �
þ C2Reb

jet

W chDjet �
pD2

jet

4

phDjet

0
@

1
A

b8<
:

þ C3Rec
jet

pD2
jet

4

W chH ch

"
1

N jet

L
Djet

8<
:

� W ch

ph

1þ
pD2

jet

4

1

W chDjet

 !#
i

)c)

¼ C1Rea
jet

Djet

ph

� �
N jet þ C2Reb

jet

W chDjet �
pD2

jet

4

phDjet

0
@

1
A

b

N jet

þ 2C3Rec
jet

pD2
jet

4

W chH ch

1

N jet

L
Djet

�8<
:

� W ch

ph

1þ
pD2

jet

4

1

W chDjet

 !#)c

� 1c þ 2c þ � � � þ ðN jet=2Þc
	 


: ð21Þ

The exponent, a, corresponding to the impingement
term is set to 0.5, which is the value recommended for
the impingement zone of a jet [6]. The remaining empirical
constants were determined from a least-squares fit to the
experimental data, resulting in the following correlation
for the hybrid cooling scheme:
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Notice that Djet, Hch, Wch, ph, L and Njet are purposely re-
tained in Eq. (22) rather than replaced with the values used
in the present experimental study. This is intended to allow
Eq. (22) to be used for a hybrid scheme with different val-
ues for these parameters.

Fig. 11 shows Eq. (22) fits the present single-phase data
with a mean absolute error (MAE) of only 6.04%, with all
data points falling within a ±20% error range.
7. Conclusions

A new hybrid cooling scheme was developed that com-
bines the benefits of both micro-jet impingement and
micro-channel flow. The performance of the cooling scheme
was further enhanced by indirect refrigeration cooling.
Numerical analysis was used to explore the effects of key
parameters of the hybrid geometry. Preferred values of these
parameters were used to design a test module that served to
validate the predicted performance using HFE 7100 as work-
ing fluid. Key findings from the study are as follows:

1. The proposed cooling scheme involves complex interac-
tions of circular impinging jets with micro-channel flow.
Numerical results show increasing jet velocity allows jets
to penetrate the micro-channel flow toward the surface,
especially in shallow micro-channels, greatly decreasing
the average wall temperature.

2. Excellent agreement between numerical predictions and
temperature measurements proves the standard k–e
model is very effective at predicting the heat transfer per-
formance of the hybrid cooling scheme.

3. Despite the relatively poor thermophysical properties of
HFE 7100, the proposed cooling scheme is capable
of achieving an unprecedented cooling performance of
304.9 W/cm2 without phase change. This performance
is realized with an inlet temperature of Tin = �40 �C
and Ujet = 4.42 m/s. Further improvements in single-
phase cooling performance are possible by increasing
jet velocity and/or decreasing inlet temperature. Inter-
estingly, surface temperature variations for all condi-
tions up to 50 W/cm2 are less than 1.5 �C.

4. A superpositioning technique is introduced that parti-
tions the heat transfer surface into zones that are each
dominated by a different heat transfer mechanism, and
assigning a different heat transfer coefficient value to
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each zone. Using this technique, a new correlation is
developed that predicts the present HFE 7100 data with
a mean absolute error of 6.04%.
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