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Abstract

This paper explores the single-phase and two-phase cooling performance of a hybrid micro-channel/slot-jet module using HFE-7100
as working fluid. Three-dimensional numerical simulation using the k–e turbulent model is used to both assess the single-phase perfor-
mance and seek a geometry that enhances heat removal capability and surface temperature uniformity while decreasing mean surface
temperature. This geometry is then tested experimentally to validate the numerical findings and aid in the development of correlations
for both the single-phase and two-phase heat transfer coefficients. The hybrid module is shown to maintain surface temperature gradients
below 2 �C for heat fluxes up to 50 W/cm2. Even without phase change, the hybrid module is capable of dissipating heat fluxes as high as
305.9 W/cm2. Highly accurate single-phase correlations are developed using a superpositioning technique that consists of assigning a dif-
ferent heat transfer coefficient for each portion of the heat transfer area based on the dominant heat transfer mechanism for that portion.
Increasing subcooling and/or flow rate is shown to delay the onset of nucleate boiling to a higher heat flux and higher surface temper-
ature, as well as enhance critical heat flux (CHF). A correlation previously developed for hybrid micro-channel/micro-circular-jet module
is deemed equally effective at predicting two-phase heat transfer data for the present hybrid module.
� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The quest for cooling solutions in the electronics industry
has identified few cooling schemes that can tackle the high
heat fluxes anticipated for future high-performance devices.
Key among those schemes are micro-channel flow and jet
impingement [1]. Micro-channel heat sinks have the capac-
ity to dissipate very large heat fluxes from small areas, are
compact, and require small coolant inventory. Jet-impinge-
ment cooling combines several favorable attributes, includ-
ing the capacity to dissipate very large heat fluxes and small
pressure drop compared to micro-channel heat sinks.

Many published experimental works prove the effective-
ness of micro-channel flow. For example, Tuckerman and
Pease [2] demonstrated heat removal rates up to 790 W/
0017-9310/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
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cm2 using water as working fluid. Bowers and Mudawar
[3] achieved single-phase and two-phase heat fluxes as high
as 3000 and 27,000 W/cm2, respectively, with water flow in
micro-tubes. Lelea et al. [4] investigated single-phase heat
transfer of water in stainless steel micro-tubes. They
showed conventional macro-channel correlations are appli-
cable to single-phase water flow in micro-tubes with diam-
eters as small as 0.1 mm. Other studies have been focused
on numerical modeling of fluid flow and heat transfer in
micro-channel heat sinks [5–8]. Qu and Mudawar [6]
proved that the conventional Navier–Stokes and energy
equations provide accurate predictions of a heat sink’s sin-
gle-phase performance. A significant portion of the recent
literature on micro-channel heat sinks concerns two-phase
behavior. The performance of a two-phase micro-channel
heat sink is vastly superior to its single-phase counterpart.
This performance enhancement is the result of significantly
higher convective heat transfer coefficients, better axial
temperature uniformity, reduced coolant flow rate
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Nomenclature

a empirical constant
At area of copper block’s top test surface
b empirical constant
C empirical constant
C1, C2, C3 empirical constants
C1, C2, Cl turbulence model constants
cp specific heat at constant pressure
dh hydraulic diameter of channel
G production of turbulent energy
h two-phase convective heat transfer coefficient,

q00eff=ðT s � T inÞ
H height of unit cell
Hch height of channel
Hjet height of jet
Hth height from unit cell bottom boundary to ther-

mocouple holes
Hw height from unit cell bottom boundary to test

surface
k thermal conductivity; turbulent kinetic energy
L length of unit cell (also length of micro-channel)
Ljet length of slot jet
L1, L2, L3, L4 distance between thermocouple holes
n empirical constant
Nu Nusselt number
P pressure
ph perimeter of micro-channel
Pr Prandtl number
Prt turbulent Prandtl number
PW electrical power supplied to copper heating

block
q00 heat flux
q00eff effective heat flux based on top test surface area

of copper block, q00eff ¼ P W=At

Rejet jet Reynolds number, Rejet = qfUjet(2Wjet)/lf

Tin jet inlet temperature
Ttci temperature measured by thermocouple tci

(i = 1–4)

DTsat superheat, Ts � Tsat

DTsub subcooling, Tsat � Tin

u velocity component in x direction
Ui Cartesian component 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 channel
Wjet jet width
Ww half-width of wall separating channels
x, y, z Cartesian coordinates

Greek symbols

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

tions

Subscripts

corr correlated
exp experimental
f fluid
in inlet
m maximum (CHF)
s test surface; solid
sat saturation
sub subcooling
tci thermocouple (i = 1–4)
th thermocouple reading
w channel sidewall
C interface between solid and liquid
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requirements, and reduced overall weight and volume of
cooling hardware [9–13].

Single-phase jet-impingement cooling has also been
investigated both experimentally [14–17] and numerically
[18–20]. Downs and James [16] discussed the use of multi-
ple jets to enhance cooling performance. Wadsworth and
Mudawar [17] conducted confined slot-jet experiments
using FC-72 as working fluid and developed a new correla-
tion for single-phase heat transfer coefficient. Baydar and
Ozmen [19] numerically simulated confined high Reynolds
number impinging air jets. They showed the k–e turbulence
model is capable of accurately predicting flow characteris-
tics. Experimental studies of two-phase jet impingement
show vast superiority in cooling performance compared
to single-phase jet impingement [21–25].
Recently, the authors of the present study proposed
combining the attributes of micro-channel flow and jet
impingement in what they termed hybrid cooling schemes.
By introducing coolant gradually into micro-channels in
the form of slot jets [26,27] or circular jets [28,29], these
modules capitalize upon the high heat removal capabilities
of both cooling configurations while reducing both the
axial surface temperature gradient and high pressure drop
of conventional micro-channel heat sinks.

In this study, a new type of micro-channel/slot-jet
hybrid cooling module is examined in which liquid HFE-
7100 is fed from a slot jet into each micro-channel in a
modified micro-channel heat sink. This hybrid module also
capitalizes upon indirect refrigeration cooling of the pri-
mary coolant (HFE-7100) to both enhance heat removal
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and reduce surface temperature. Numerical simulation is
used to assess the effectiveness of conventional computa-
tional tools at predicting single-phase heat transfer charac-
teristics of the module, as well as to select a practical
cooling geometry that could provide superior heat transfer
coefficients and better surface temperature uniformity.
Also presented is a single-phase heat transfer coefficient
correlation based on a superpositioning technique that
seeks to assign dominant heat transfer mechanisms to dif-
ferent portions of the heat transfer area. Finally, the two-
phase cooling characteristics of the module are examined
and a correlation for the nucleate boiling heat transfer
coefficient developed.

2. Experimental methods

2.1. Flow loop

Fig. 1 shows the flow control system that was configured
to supply dielectric liquid HFE-7100 to a test module hous-
ing the hybrid cooling configuration at a controlled flow
rate, pressure and temperature. A primary loop containing
the test module consists of a reservoir, a centrifugal pump,
and a Coriolis flow meter. Throttling valves are situated
both upstream and downstream of the test module to
simultaneously control both flow rate and outlet pressure.
The temperature of HFE-7100 is greatly reduced by sensi-
ble heat exchange to refrigerant in a two-stage cascade
chiller.
Fig. 1. Schematic of flo
2.2. Test module

Fig. 2 illustrates the layered construction and assembly
of the test module. It is comprised of a heating block, a
micro-jet plate, an upper plenum plate, a lower support
plate, and 16 cartridge heaters. The heating block, which
is machined from a single block of oxygen-free copper, is
tapered in two steps to help ensure uniform temperature
along the top surface. The micro-channels are cut into
the 2 cm long by 1 cm wide top surface of the heating
block. Five 1 mm wide and 3 mm deep micro-slots are
machined within the 1 cm width of the top surface. Power
is supplied to the micro-channels from the 16 cartridge
heaters that are inserted into the large underside of the
heating block. The slot-jet plate, which is also fabricated
from oxygen-free copper, has five parallel 0.6 mm wide
by 1.65 mm deep and 2.94 mm long slots machined equidis-
tantly, facing the micro-channels of the heating block. The
top plenum plate and lower support plate are both fabri-
cated from thermally insulating G-11 fiberglass plastic.

Six type-T thermocouples are inserted below the top sur-
face of the heating block to measure stream-wise tempera-
ture distribution. Two sets of absolute pressure transducers
and type-T thermocouples are connected to the inlet and
the outlet plenums. The cartridge heaters are connected
in a combined series/parallel circuit and powered by a sin-
gle 0–110 VAC variac. The total electrical power input is
measured by a Yokogawa WT 210 wattmeter. To minimize
heat loss to the ambient, the heating block is wrapped in
w control system.



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

Table 1
Experimental operating conditions

Working
fluid

Inlet temperature
Tin (�C)

Inlet velocity
Ujet (m/s)

Effective heat flux,
q00eff (W/cm2)

HFE-
7100

�40 to 20 0.39–7.37 10.1–305.9
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multiple layers of ceramic fiber and mounted atop a solid
ceramic insulating plate.

Measurement uncertainties associated with the pressure
transducers, flow meter, wattmeter, and thermocouples are
0.5%, 0.1%, 0.5%, and 0.3 �C, respectively. A numerical 3D
thermal model of the entire test module predicts heat loss
of less than 8% of the electrical power input. The heat
fluxes presented in this study are therefore based on the
measured electrical power input.

Table 1 summarizes the experimental operating condi-
tions of the present study.

3. Numerical scheme

Fig. 3 shows a unit cell of the hybrid configuration that
is used in the single-phase computational simulation. The
unit cell consists of one of the five micro-channels along
with the associated single slot jet and surrounding solid.
Key dimensions of the unit cell are given in Table 2.
Because of symmetry, the computational domain consists
of only one quarter of the unit cell.

The finite volume method solver FLUENT 6.2.16 [30] is
used to predict flow profiles and heat transfer characteris-
tics of the hybrid scheme. The geometry and meshes are
generated using Gambit 2.2.30 [31]. The standard k–e tur-
bulent model [32] is used for closure of the Reynolds stress
tensor.
The governing equations are expressed in the Cartesian
tensor notation for steady, turbulent and incompressible
flow with constant properties as follows.

For the fluid region:

oU i

oxi
¼ 0; ð1Þ

qfU j
oUi

oxj
¼ � oP

oxi
þ o

oxj
lf þ ltð Þ oU i

oxj

� �
; ð2Þ

and

qfcp;fU j
oT
oxj
¼ o

oxj
kf þ

cp;flt

Prt

� �
oT
oxj

� �
; ð3Þ

where

lt ¼
Clqfk

2

e
; ð4Þ

qfU j
ok
oxj
¼ o

oxj
kf þ

lt

rk

� �
ok
oxj

� �
þ G� qfe; ð5Þ

and

qfU j
oe
oxj
¼ o

oxj
kf þ

lt

re

� �
oe
oxj

� �
þ C1G

e
k
� C2qf

e2

k
: ð6Þ

The production of turbulent energy is defined as G ¼
�uiujoU i=oxj. The following values are used for the turbu-
lent constants 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; ð7Þ

and

o

oxj
ks

oT
oxj

� �
¼ 0: ð8Þ



Fig. 3. Schematic of unit cell consisting of single slot jet and single micro-channel.

Table 2
Key dimensions of unit cell

L (mm) L1 (mm) L2 (mm) L3 (mm) L4 (mm) Ljet (mm) W (mm) Wjet (mm)

20.00 4.00 6.00 3.00 6.00 2.94 1.83 0.60

Wch (mm) Ww (mm) H (mm) Hjet (mm) Hch (mm) Hw (mm) Hth (mm)

1.00 0.42 14.27 1.65 3.00 7.62 5.08
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Boundary conditions are specified as follows:

u ¼ 0; v ¼ 0; w ¼ �U jet and T ¼ T in for the jet inlet; ð9Þ

and _m ¼ _min;
ov
ox
¼ 0;

ow
ox
¼ 0 and

oT
ox
¼ 0

for the channel outlet: ð10Þ

A constant heat flux is applied along the bottom surface of
the unit cell,
�ks

oT
oz
¼ q00eff ; ð11Þ
where q00eff is determined from the measured electrical power
input as

q00eff ¼
P W

At

: ð12Þ
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Adiabatic conditions are applied to all solid thermal
boundaries except the interfaces between HFE-7100 and
copper. The Semi-Implicit Method for Pressure-Linked
Equations (SIMPLE) algorithm [33] is used to couple
velocities and pressure. To examine the effects of mesh size,
84,000, 288,000 and 517,500 mesh elements were tested.
The middle mesh size was used because temperature differ-
ences were less than 3.2% of the finer mesh.
Fig. 4. Numerical predictions of the effects of (a) channel height and
(b) jet width and channel width on centerline temperature distribution
along micro-channel.
4. Numerical results

4.1. Effects of micro-channel geometry

A numerical parametric study was conducted by varying
micro-channel height, Hch, micro-channel wall thickness,
Ww, and jet width, Wjet, as indicated in Table 3. Fig. 4a
shows the effects of micro-channel height on surface center-
line temperature for Ww = 0.43 mm, Wjet = 0.6 mm and jet
velocities of Ujet = 5 and 10 m/s. The higher jet velocity is
shown decreasing the maximum surface temperature
appreciably. Due to the fin effect of the micro-channel cop-
per sidewall, a lower axial temperature gradient is achieved
at Ujet = 5 m/s for Hch = 3 mm compared to 1 mm. This
effect appears to subside appreciably for Ujet = 10 m/s
because of apparent dominance of jet impingement with
the channel’s bottom wall compared to the fin effect.

Fig. 4b shows that surface temperature is reduced for
Ujet = 5 m/s by decreasing channel width because stronger
jet vorticity along the channel sidewalls increases the con-
tribution of sidewall conduction. Additionally, mean flow
velocity along the micro-channel increases with decreasing
Wch, which helps decrease the axial temperature gradient as
well. For a fixed Wch, decreasing jet width, Wjet, in half
while maintaining the same flow rate requires doubling
jet velocity. Fig. 4b shows higher jet velocity decreases sur-
face temperature, although the axial temperature gradient
is greater. This trend points to a very important practical
conclusion concerning maximum surface temperature: for
a given flow rate, higher heat transfer coefficients and lower
surface temperatures are possible simply by decreasing jet
width. Obvious limits to how small jet width can be made
are manufacturability and high pressure drop.
4.2. Validation of numerical predictions

Fig. 5 compares numerical predictions with tempera-
tures measured along the thermocouple line beneath the
test surface. Both the data and predicted results show tem-
perature decreases with increasing Reynolds number,
decreasing heat flux and decreasing coolant inlet tempera-
Table 3
Dimensions tested in numerical parametric study

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

1.00, 3.00 1.00, 1.40 0.30, 0.60 5, 10
Fig. 5. Comparison of numerical predictions of temperatures along
thermocouple line with measured temperatures.
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ture. Excellent agreement between numerical predictions
and experimental results shows the conventional Navier–
Stokes and energy equations with the k–e turbulence model
can accurately predict the heat transfer characteristics of
the present hybrid configuration.

4.3. Predicted trends of single-phase cooling performance

Fig. 6a and b shows temperature distribution of the
micro-channel bottom wall of the unit cell, including the
sidewall, for q00eff ¼ 20:58 W=cm2 with Rejet = 2892 and
Fig. 6. Numerical predictions of micro-channel bottom wall temperature distri
(b) Rejet = 26,764 and q00eff ¼ 76:37 W=cm2.
q00eff ¼ 76:37 W=cm2 with Rejet = 26,764, respectively. Over-
all, surface temperature increases along the micro-channel
flow direction, and higher temperatures are encountered
near the outlet. Comparing the two figures shows higher
jet velocities decrease surface temperature. Slightly lower
surface temperatures are achieved below the sidewall due
to the aforementioned fin effect. Along the centerline of
the micro-channel bottom wall, Fig. 6a shows the lowest
surface temperature is achieved immediately below the cen-
ter of the slot jet (x = 0). However, the lowest temperature
of the channel bottom wall is located near the end of the
bution including sidewall for (a) Rejet = 2892 and q00eff ¼ 20:58 W=cm2, and
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slot jet span because of increased velocity along the micro-
channel.

Figs. 7 and 8 show the heat flux distribution along the
micro-channel bottom wall and the sidewall, respectively.
The local heat flux is evaluated from

q00 ¼ �kC
oT C

on

����
C

; ð13Þ

where kC is the interface thermal conductivity obtained by
the harmonic mean of ks and kf.

Both distributions in Fig. 7 show heat flux is greatest
near the jet centerline due to the impingement effect and
Fig. 7. Numerical predictions of micro-channel bottom wall heat flux distributi
q00eff ¼ 76:37 W=cm2.
thin boundary layer. Notice how the heat flux becomes
vanishingly small in the lower corner of the micro-channel
where the flow is highly weakened for the rectangular
channel.

Fig. 8a and b shows a sharp rise in heat flux along the
sidewall a short distance above the test surface. This rise
is the result of the wall jet forming away from the stagna-
tion zone of the slot jet. Notice the stronger influence of
this wall jet in Fig. 8b for the higher Reynolds number case.
The wall jet flow also induces strong circumferential recir-
culation, producing high fluxes along the entire sidewall,
which is obviously being sustained by heat conduction
along the sidewall.
on for (a) Rejet = 2892 and q00eff ¼ 20:58 W=cm2, and (b) Rejet = 26,764 and



Fig. 8. Numerical predictions of micro-channel sidewall heat flux distribution for (a) Rejet = 2892 and q00eff ¼ 20:58 W=cm2, and (b) Rejet = 26,764 and
q00eff ¼ 76:37 W=cm2.
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Fig. 9 shows local Nusselt number along the micro-
channel’s bottom wall follows a distribution similar to that
shown in Fig. 7 for heat flux. The local Nusselt number is
defined as

Nu ¼ q00dh

kfðT s � T inÞ
: ð14Þ
5. Single-phase experimental results

5.1. Overall cooling performance

Choice of key geometrical parameters of the test module
is based largely on the numerical findings. Key goals in the
module design are to enhance heat flux removal, reduce
surface temperature, and reduce surface temperature gradi-
ents. Fig. 10 shows thermocouple readings in the copper
heating block as a function of Reynolds numbers for
q00eff ¼ 32 W=cm2. Increasing Reynolds number decreases
both surface temperature and temperature gradient.
Despite the relatively poor thermophysical properties of
HFE-7100, the high cooling effectiveness of the hybrid con-
figuration, coupled with the use of indirect refrigeration
cooling, enables the dissipation of q00eff ¼ 305:9 W=cm2 at
Tin = �40 �C and Ujet = 7.37 m/s without phase change.
At this heat flux, the average surface temperature is
70.82 �C, well below the maximum recommended tempera-
ture for modern electronic devices. Surface temperature
variations up to q00eff ¼ 50 W=cm2 are less than 2 �C.

5.2. Single-phase correlation

A new single-phase heat transfer correlation is
sought for the hybrid configuration. A superposition tech-
nique is employed that consists of dividing the heat transfer
area into different regions that are each dominated by a dif-
ferent heat transfer mechanism. This technique was recom-
mended by Wadsworth and Mudawar [17] for slot jet
cooling and has been quite effective at correlating the pres-
ent authors’ own single-phase data for a hybrid micro-
channel/micro-jet-impingement module [29].

Fig. 11 illustrates the different surface heat transfer
regions used in the present superpositioning technique.
The general single-phase correlation form:

NuL

Pr0:4
f

¼ f ðReÞ ð15Þ

is applied to each of these regions. The surface is comprised
of an impingement region, two identical sidewall regions,
and two identical channel flow regions. Using the superpo-
sitioning technique, the overall heat transfer is represented
by the relation:



Fig. 9. Numerical predictions of micro-channel bottom wall Nusselt number distribution for (a) Rejet = 2892 and q00eff ¼ 20:58 W=cm2, and
(b) Rejet = 26,764 and q00eff ¼ 76:37 W=cm2.

Fig. 10. Thermocouple readings inside heater block versus jet Reynolds
number for q00eff ¼ 32 W=cm2.
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NuL ¼
�hLL
kf

¼
hjet

W jetLjet

ph

� �
kf

0
@

1
Aþ hch1 Ljet � 2W jetLjet

ph

� �
kf

0
@

1
A

þ hch2ðL� LjetÞ
kf

� �
: ð16Þ
The Reynolds numbers for these regions are given by

Rejet ¼
U jetð2W jetÞ

mf

;

Rech1 ¼
U ch1 Ljet � 2W jetLjet

ph

� �
mf

; and

Rech2 ¼
U ch2ðL� LjetÞ

mf

: ð17Þ



Fig. 11. Schematic of superpositioning technique for correlating single-
phase heat transfer data.

Fig. 12. Comparison of predictions of single-phase heat transfer coeffi-
cient correlations with HFE-7100 data.
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For an impinging jet, sidewall characteristic velocity is
fairly equal to jet exit velocity due the Bernoulli effect.
On the other hand, the channel velocity can be determined
from mass conservation.

U ch1 ¼ U jet;U ch2 ¼ U jet

LjetW jet

H chW ch

: ð18Þ

Therefore, the hybrid module’s heat transfer correlation
can be written as

NuL

Pr0:4
f

¼ C1Rea
jet

Ljet

ph

� �
þ C2Reb

ch1 þ C3Rec
ch2

¼ C1Rea
jet

Ljet

ph

� �
þ C2Reb

jet

Ljet

2W jet

� Ljet

ph

� �b

þ C3Rec
jet

LjetðL� LjetÞ
H chW ch

� �c

: ð19Þ

Wadsworth and Mudawar [11] showed the impingement
term can be accurately characterized by setting a = 0.5,
which is also adopted in the present correlation. The
remaining empirical constants are determined by a least-
squares’ fit to the present experimental data. Two separate
correlations were obtained depending on jet Reynolds
number. The first is a high Rejet correlation that is valid
for 3232 < Rejet < 30,853,

NuL

Pr0:4
f

¼ 1:53Re0:5
jet

Ljet

ph

� �
þ 5:01Re0:6

jet

Ljet

2W jet

� Ljet

ph

� �0:6

þ 0:18Re0:46
jet

LjetðL� LjetÞ
H chW ch

� �0:46

: ð20Þ

The second, low Rejet correlation, is valid for 751 < Rejet <
3232,

NuL ¼ 1:53Re0:5
jet

Ljet

ph

� �
Pr0:4

f þ 1:3Re0:45
jet

Ljet

2W jet

� Ljet

ph

� �0:45

þ 9:99Re0:52
jet

LjetðL� LjetÞ
H chW ch

� �0:52

: ð21Þ

Fig. 12 shows Eqs. (20) and (21) fit the entire HFE-7100
database with a mean absolute error (MAE) of 3.90%.
6. Two-phase experimental results

6.1. Boiling curve trends

Fig. 13a and b shows boiling curves obtained from the
four thermocouple readings for a jet velocity of Ujet =
0.87 m/s and inlet subcoolings of DTsub = 88.1 and
68.1 �C, respectively. For each subcooling, the slope of
the boiling curve in the single-phase region is fairly con-
stant, indicative of a constant heat transfer coefficient.
The highest temperature in the same region is encountered
near the outlet, which is consistent with the previous single-
phase numerical predictions. For both subcoolings, loca-
tion xtc4 shows the earliest increase in slope, making the
onset of boiling near the outlet. This location also main-
tains the highest temperatures throughout the nucleate
boiling region and is where critical heat flux (CHF) com-
mences. CHF values for the conditions of Fig. 13a and b
are 310.6 and 243.3 W/cm2, respectively.

Fig. 14a shows the effects of subcooling on the boiling
curve for Ujet = 0.86 m/s. Slight deviations in the single-
phase region are the result of liquid property variations
with temperature. Increasing the subcooling delays the
onset of boiling incipience and enhances CHF consider-
ably. Increased CHF is the result of the subcooled liquid’s
ability to absorb a substantial fraction of the wall heat flux
in the form of sensible heat prior to evaporation. Fig. 14b
shows the effects of jet velocity (and flow rate) on the boil-
ing curve for DTsub = 107.8 �C. Increasing Ujet delays the
onset of boiling and broadens the single-phase heat transfer
region considerably. CHF also increases appreciably with
increasing Ujet. Because of high CHF values, higher veloc-
ity tests were terminated well before CHF to protect the
test module against potential overheating or burnout.



Fig. 13. Boiling curves measured at xtc1, xtc2, xtc3 and xtc4 for
Ujet = 0.87 m/s at (a) DTsub = 88.1 �C and (b) DTsub = 68.1 �C.

Fig. 14. (a) Subcooling effects on boiling curve at Ujet = 0.86 m/s. (b) Jet
velocity effects on boiling curve at DTsub = 107.8 �C.

3836 M.K. Sung, I. Mudawar / International Journal of Heat and Mass Transfer 51 (2008) 3825–3839
6.2. Flow visualization results

To capture two-phase flow behavior along the micro-
channels, the test module’s jet plate and upper housing
(see Fig. 2) were replaced with plates made from transpar-
ent polycarbonate plastic (Lexan). A high-speed video
camera fitted with close-up lenses was positioned above
the test module as illustrated in Fig. 1. This placement
facilitated viewing of three adjacent micro-channels. The
relatively low melting point of polycarbonate plastic lim-
ited these flow visualization tests to low heat fluxes.
Fig. 15a and b shows representative images captured at
Ujet = 0.44 m/s and DTsub = 48.1 �C at q00eff ¼ 43 and
63 W/cm2, respectively. Fig. 15a shows a combination bub-
bly flow, caused by sidewall nucleation, and slug flow.
Increasing the heat flux causes further bubble coalescence
into longer slug bubbles as depicted in Fig. 15b. Notice
the appreciable increase in void fraction, evidenced by
the large size of bubbles exiting the micro-channels in
Fig. 15b compared to Fig. 15a.

Qu and Mudawar [9] classified two types of flow insta-
bility in conventional two-phase micro-channel heat sinks,
severe pressure drop oscillation and mild parallel channel
instability. Severe pressure drop oscillation is the result of
interaction between the two-phase flow in the micro-chan-
nel heat sink and the upstream compressible volume in
the flow loop. This instability causes severe fluctuations
between incoming liquid and downstream two-phase



Fig. 15. Flow visualization and flow patterns inside hybrid module for Ujet = 0.44 m/s and DTsub = 48.1 �C with (a) q00eff ¼ 43 W=cm2 and
(b) q00eff ¼ 63 W=cm2.
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mixture in all channels. The mild parallel channel instabil-
ity is the result of flow interactions among micro-channels
and is intrinsic to the heat sink itself. Fig. 15a and b depicts
the mild parallel channel instability that causes the varia-
tions in flow pattern among adjacent micro-channels.
Interestingly, the severe pressure drop oscillation was never
observed in the present study.
Fig. 16. Comparison of predictions of two-phase heat transfer coefficient
correlation with HFE-7100 data.
6.3. Nucleate boiling correlation

Fig. 14b shows boiling curves for different velocities
have a tendency to converge in the nucleate boiling region,
which is consistent with findings from previous jet-impinge-
ment studies [16,17]. However, as shown in Fig. 14a,
increasing the subcooling causes a monotonic decrease in
the two-phase heat transfer coefficient for a fixed heat
flux.

In a previous study by the present authors [29], nucleate
boiling data for a hybrid micro-channel/micro-circular-jet-
impingement module were correlated using the following
relations between heat flux and wall superheat,

q00eff ¼ CDT n
sat; ð22Þ

and

q00eff ¼ hðT s � T inÞ ¼ hðDT sat þ DT subÞ: ð23Þ

Combining these two relations yields a general relationship
for the two-phase heat transfer coefficient.

h ¼ q00eff

q00
eff

C

� �1=n
þ DT sub

ð24Þ

The empirical constants n and C in the above equation
were obtained by a least-squares’ fit to the entire nucleate
boiling database for the hybrid micro-channel/micro-circu-
lar-jet configuration, resulting in the correlation:

h ¼ q00eff

q00
eff

64:81

� �1=3:252

þ DT sub

: ð25Þ

Fig. 16 shows the above correlation is equally successful
at predicting the present micro-channel/slot-jet data, evi-
denced by a mean absolute error of only 5.66%.
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7. Conclusions

This paper explored the single-phase and two-phase
cooling performance of a hybrid micro-channel/slot-jet-
impingement module using HFE-7100 as working fluid.
The single-phase performance was examined numerically
in pursuit of a geometry that yields superior heat removal
capability, lower surface temperature, and smaller surface
temperature gradients. This geometry was then tested
experimentally to validate the numerical findings. In addi-
tion, correlations were developed for both the single-phase
and two-phase heat transfer coefficients. Key findings from
the study are as follows:

1. In the single-phase region, heat conduction along the
micro-channel sidewalls is especially effective at
relatively low impingement velocities. Increasing
micro-channel height for low velocities reduces the
temperature gradient along the micro-channel. Because
of a stronger impingement effect, the influence of
micro-channel height at high Reynolds numbers is less
significant. For fixed micro-channel width and jet Rey-
nolds number, decreasing jet width increases jet velocity,
reducing surface temperature. However, decreasing jet
width also increases surface temperature gradient along
the micro-channel.

2. The hybrid module maintains a high degree of surface
temperature uniformity. Surface temperature gradients
are below 2 �C for heat fluxes up to 50 W/cm2. Even
without phase change, the hybrid module is capable of
dissipating very high heat fluxes. A heat flux of
305.9 W/cm2 is achieved with a jet velocity of 7.37 m/s
and inlet temperature of �40 �C.

3. A superpositioning technique is shown to effectively
capture the single-phase cooling performance. This
technique enabled the development of two new correla-
tions for the single-phase heat transfer coefficient having
an overall mean absolute error of 3.43%.

4. Increasing subcooling and/or flow rate delays the onset
of nucleate boiling to a higher heat flux and a higher sur-
face temperature, as well as enhances CHF. Subcooling
is especially effective at increasing CHF and therefore
enabling the removal of very high heat fluxes.

5. A two-phase heat transfer correlation previously devel-
oped for a hybrid micro-channel/micro-circular-jet
module is equally effective at predicting data for the
present hybrid module.
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