
International Journal of Heat and Mass Transfer 52 (2009) 610–619
Contents lists available at ScienceDirect

International Journal of Heat and Mass Transfer

journal homepage: www.elsevier .com/locate / i jhmt
CHF determination for high-heat flux phase change cooling system incorporating
both micro-channel flow and jet impingement

Myung Ki Sung, Issam Mudawar *

Boiling and Two-Phase Flow Laboratory (BTPFL), Purdue University International Electronic Cooling Alliance (PUIECA), Mechanical Engineering Building,
585 Purdue Mall West Lafayette, IN 47907-2088, USA
a r t i c l e i n f o

Article history:
Received 26 March 2008
Received in revised form 11 July 2008
Available online 17 November 2008
0017-9310/$ - see front matter � 2008 Elsevier Ltd. A
doi:10.1016/j.ijheatmasstransfer.2008.07.035

* Corresponding author. Tel.: +1 765 494 5705; fax
E-mail address: mudawar@ecn.purdue.edu (I. Mud
a b s t r a c t

This paper explores the subcooled nucleate boiling and critical heat flux (CHF) characteristics of a hybrid
cooling module that combines the cooling attributes of micro-channel flow and jet impingement. A test
module was constructed and tested using HFE-7100 as working fluid. Increasing the coolant’s flow rate
and/or subcooling shifted both the onset of boiling (ONB) and CHF to higher heat fluxes and higher wall
temperatures. The hybrid module yielded heat fluxes as high as 1127 W/cm2, which is the highest value
ever achieved for a dielectric coolant at near atmospheric pressure. It is shown the hybrid cooling config-
uration involves complex interactions between circular jets and micro-channel flow, and unusual spatial
variations of void fraction and liquid velocity. These variations are ascertained using the Developing
Homogeneous Layer Model (DHLM) in which the micro-channel flow is described as consisting of a
homogeneous two-phase layer along the heated wall and a bulk liquid layer. CHF is determined by a
superpositioning technique that consists of dividing the heated wall into two portions, one dominated
by jet impingement and the other micro-channel flow. This technique is shown to be highly effective
at predicting the CHF data for the hybrid cooling configuration.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Many of today’s cutting-edge technologies involve the dissipa-
tion of large amounts of heat from very small surface areas. Exam-
ples include laser and microwave directed energy weapons, radars,
X-ray medical devices and hybrid-vehicle power electronics [1].
Failure to remove the dissipated heat can trigger abrupt cata-
strophic failure. Removing highly concentrated heat loads there-
fore demands innovative cooling strategies that can deliver very
high heat transfer coefficients.

Because of their relatively low convective heat transfer coeffi-
cients and linear relationship between heat flux and surface-to-
fluid temperature difference, single-phase cooling schemes can
result is unacceptably high-temperatures when used to dissipate
high fluxes. Two-phase cooling schemes are especially favored for
high-heat flux situations because of their high heat transfer coef-
ficients and the steep, nonlinear relationship between heat flux
and temperature difference; both of these merits are realized in
the nucleate boiling region. These two attributes facilitate the re-
moval of highly concentrated heat loads corresponding to rela-
tively small temperature differences, greatly reducing surface
temperature as well as minimizing temperature fluctuations in
response to changes in the heat flux. Reducing both temperature
and temperature fluctuations is an important operational safe-
ll rights reserved.

: +1 765 494 0539.
awar).
guard to ensure the reliability and structural integrity of heat-dis-
sipating devices found in most of the afore-mentioned high-flux
applications.

However, two-phase systems are not without drawbacks. They
are generally more difficult to implement and more expensive than
their single-phase counterparts. This is why two-phase cooling
systems are favored only in situations where single-phase systems
are deemed incapable of meeting the cooling requirements of
given device or system. Also, as indicated earlier, the merits of
two-phase cooling are realized only within the nucleate boiling
regime. Maintaining cooling performance within this regime
requires uninterrupted access of liquid to the heat-dissipating sur-
face to compensate for the evaporated liquid. The liquid access is
abundant in the lower heat flux, discrete bubble sub-region of
nucleate boiling. However, as the heat flux increases, more vapor
is produced and with greater intensity. This causes vapor bubbles
to coalesce into larger closely spaced bubbles that begin to restrict
the liquid access to the surface. Intense vapor effusion ultimately
begins to form discrete vapor blankets that severely restrict the
liquid access, greatly compromising cooling effectiveness. This
condition is a precursor to critical heat flux (CHF), which is the
upper limit for the nucleate boiling region. Increasing the heat flux
past CHF triggers a substantial deterioration in the heat transfer
coefficient, causing a sudden unsteady escalation in the device
temperature that is often large enough to induce catastrophic de-
vice failure. The ability to predict CHF is therefore of paramount
importance to the integrity of the device.
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Nomenclature

Af flow area of liquid layer
AH flow area of homogeneous two-phase layer
Ajet cross-sectional area of jet, pD2

jet=4
At top test surface area of copper heating block

(10 � 20 mm2)
cp specific heat at constant pressure
Csub empirical constant
D tube diameter
Djet diameter of micro-jet
g gravitational acceleration
GH mass velocity of homogeneous two-phase layer
h enthalpy; heat transfer coefficient
Hch height of micro-channel
hfg latent heat of vaporization
hH enthalpy of homogeneous two-phase layer
Hjet height (length) of micro-jet
Hth distance between thermocouple and bottom wall of mi-

cro-channel
Ja Jacob number
k thermal conductivity
Ki Interfacial mass flux
l characteristic length of flow boiling system
L length of micro-channel
Ljet pitch of micro-jets
m empirical constant
n empirical constant
N number of micro-jets along one micro-channel
P pressure
PW electrical power input to test module’s cartridge heaters
q00eff effective heat flux based on top test surface area of cop-

per block, PW/At

q00m critical heat flux based on top test surface area of copper
block (based on PW/At)

q00mw critical heat flux based on wetted area

T temperature
DTsub subcooling, Tsat � Tf

DTsub,in inlet subcooling, Tsat � Tin

U characteristic velocity of flow boiling system
Uf mean velocity of liquid layer
Ujet mean jet velocity
W width of unit cell
Wch width of micro-channel
Ww half-width of copper wall separating micro-channels
x0 apparent quality
z stream-wise coordinate
Z dimensionless stream-wise coordinate

Greek symbols
d Thickness of homogeneous two-phase layer
/ fluid phase (vapor or liquid)
l dynamic viscosity
q density
r surface tension

Subscripts
bd bubble departure
ch micro-channel
exp experimental
f liquid
g vapor
H homogeneous layer
in test module inlet
out test module outlet
pred predicted
s test surface; solid
sat saturation
sub subcooling
tc thermocouple
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In this study, a hybrid cooling scheme that combines the cooling
attributes of micro-channel flow and jet impingement is recom-
mended as a means to achieving the heat removal requirements
of high-heat flux devices and systems. Following is a discussion
of CHF correlation schemes for flow boiling systems in general
and micro-channel flow and jet impingement in particular.

1.1. Critical heat flux determination

Numerous studies have explored the correlation of flow boiling
CHF data for different working fluids and over wide ranges of
velocity and pressure. Most recent CHF correlations are based on
a dimensionless form first recommended by Katto [2].

q00mw;sat

qgUhfg
¼ f

qg

qf
;
qf U

2l
r

;
gðqf � qgÞl

qf U2 ;
lg

lf
;
qf Ul
lf

( )
; ð1Þ

where U and l are the characteristic velocity and characteristic
length of the cooling system, respectively. Katto postulated viscos-
ity and gravity have negligible effects on CHF for most flow boiling
systems, and suggested simplifying Eq. (1) to the following form:
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Haramura and Katto [3] developed a theoretical CHF model for pool
boiling and flow boiling systems based on the hypothesis that the
insulating vapor blanket is formed by Helmholtz instability of vapor
jets that cross a liquid sublayer beneath the blanket. Mudawar et al.
[4] and Mudawar and Maddox [5] modified the Haramura and Katto
model to incorporate the important effect of subcooling on CHF.
They showed that subcooling influences both the Helmholtz
instability and the energy balance of the liquid sublayer. This
effect was incorporated in the form a dimensionless subcooling
multiplier.

q00mw

q00mw;sat
¼ 1þ Csub

qf cp;f DTsub

qghfg

" #m

1þ cp;f DTsub

hfg

� �n

; ð3Þ

where Csub, m and n are empirical constants.
Bowers and Mudawar [6] developed a comprehensive assess-

ment of the thermal performance of mini-channel and micro-chan-
nel heat sinks using R-113 as working fluid. They correlated CHF
data using data for two heat sinks with different heated-length-
to-diameter ratios over a broad range of mass velocity. Later, they
performed experiments with high velocity water flow in small
diameter tubes [7]. Hall and Mudawar [8] used this database to de-
velop a new CHF correlation that is applicable over a broad range of
operating conditions. They also classified flow boiling CHF as either
saturated or subcooled based on outlet quality. Saturated CHF is
generally encountered with small flow rates, low inlet subcoolings
and large length-to-diameter ratios, 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 covers the
heated wall and droplets that are entrained in the vapor core.
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Micro-channel flows are especially prone to saturated CHF. Sub-
cooled CHF is generally associated with high flow rates, high inlet
subcoolings and small length-to-diameter ratios. Here, the fluid
maintains a predominantly liquid state at the outlet with a rela-
tively 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 supplied from
the wall in the form of sensible heat rise before it is converted to va-
por. Recently, Qu and Mudawar [9] examined CHF for a heat sink
containing parallel rectangular micro-channels using water as
working fluid. They showed that interactions between micro-chan-
nels reduce CHF compared to a single micro-channel.

Far more numerous studies have been published on CHF in jet
impingement than in micro-channel heat sinks. Monde [10] classi-
fied CHF regimes for circular jets corresponding to different flow
rates and pressures. Monde and Mitsutake [11] extended these
findings to systems involving multiple circular jets. For multi-jet
systems, they recommended replacing the heater’s size in the
CHF correlation with a characteristic length for the portion of the
surface area that is impacted by a single jet. Qiu and Liu [12] devel-
oped correlations for saturated and subcooled CHF for the jet’s
stagnation zone. Johns and Mudawar [13] showed that the noz-
zle-to-surface distance has a negligible effect on CHF. Mudawar
and Wadsworth [14] developed a cooling module for multiple heat
sources that are each cooled by a confined rectangular jet of FC-72.
They developed a correlation for CHF that is independent of noz-
zle-to-surface distance. They also showed CHF is a far stronger
function of jet velocity than of flow rate, suggesting CHF can be
increased for a given flow rate by decreasing the jet width, albeit
at the expense of greater pressure drop. Recently, Meyer et al.
[15] extended these findings to a heat source cooled by multiple
slot jets of FC-72.

As indicated earlier, the present study concerns a hybrid cool-
ing scheme that combines the cooling attributes of micro-chan-
nel flow and jet impingement. In recent studies by the present
authors, the single-phase and two-phase performance of this
scheme was examined both numerically and experimentally in
pursuit of superior cooling performance [16,17]. This study
explores the two-phase heat transfer performance and CHF for
the hybrid scheme. A CHF superpositioning scheme is presented
that consists of applying prior CHF correlations to the portions of
Fig. 1. Schematic
the heated surface that are influenced by jet impingement and
micro-channel flow. A theoretical model is also used to deter-
mine variations of the two-phase flow characteristics along the
micro-channel.
2. Experimental methods

2.1. Flow loop

Fig. 1 shows a schematic diagram of the flow loop that was
assembled to supply HFE-7100 liquid at the desired pressure, tem-
perature and flow rate to the hybrid cooling test module. The spent
coolant exiting the test module rejects heat to a secondary refrig-
eration system via a heat exchanger. A feedback control feature
in the refrigeration system regulates the coolant’s temperature to
within ±0.5 �C of the set value. The coolant’s flow rate and test
module’s outlet pressure are controlled by three needle valves.
The flow rate is measured by a Coriolis flow meter.

After achieving the desired test module inlet conditions, electri-
cal power is supplied to the test module in small increments. Once
steady-state conditions are reached following each power incre-
ment, the module’s inlet pressure, Pin, outlet pressure, Pout, inlet
temperature, Tin, outlet temperature, Tout, test module’s tempera-
tures, and heater power, PW, are all recorded by an HP3852S data
acquisition system for later processing. These measurements are
repeated following each power increment, generating a boiling
curve up to and including the CHF point. CHF is detected by a sud-
den unsteady rise in the test module’s temperature, which prompts
the operator to cut-off electrical power input to preclude any per-
manent damage to the test module.

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.

2.2. Test module

As shown in Fig. 2(a), the test module consists of a copper heat-
ing block, a micro-jet plate, an upper housing, a bottom housing,
lower support plates, and 16 cartridge heaters. Five 1-mm wide
by 3-mm deep slots are cut equidistantly within a 10-mm width
of flow loop.



Fig. 2. (a) Test module construction. (b) Details of copper heating block.

Fig. 3. Schematic of unit cell consisting of micro-circular jets and single micro-
channel.
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of the top 10 � 20 mm2 test surface area of the copper block. Use of
the designation ‘‘micro-channel” in the present study is based on
the premise that the channel influence on departing bubbles is dic-
tated far more by the channel width of 1 mm than by hydraulic
diameter.

As shown in Fig. 2(b), the underside of the copper block is bored
to accommodate the 16 cartridge heaters, which supply the heat to
the test surface. These cartridge heaters are powered by a variable
voltage transformer, and their total electrical power input is
measured by a Yokogawa WT210 wattmeter. The 1.65-mm thick
micro-jet plate is fabricated from oxygen-free copper. Five parallel
arrays of circular holes are drilled within the 1-cm width facing
the five micro-channels. Fig. 3 shows a unit cell of the cooling
geometry, which consists of a single micro-channel, the array of
jets that deposit coolant into the same micro-channel, and the
surrounding solid. Notice that following impingement, the flow
divides in the micro-channel into two equal and opposite parts,
each is expelled into one of two plenums in the bottom housing.
Table 1 provides key dimensions of the cooling configuration.
The upper housing of the test module is fabricated from G-11
fiberglass plastic and the lower housing from high-temperature
G-7 fiberglass plastic.

Since the present study is aimed at achieving the highest
possible cooling heat fluxes, special care is taken to prevent any
thermally induced damage to the test module’s parts. A 3-D
numerical model was constructed to optimize the shape and
dimensions of the copper heating block to enable the dissipation
of up to 1000 W/cm2 without exceeding the temperature limits
of the housing materials or sealant in contact with the copper
block. The housing materials are further protected by minimizing
contact area with the copper block. Fig. 2(b) shows key dimensions
of the optimized copper block. This block is stepped near the top to
help ensure uniform temperature across the 10 � 20-mm2 test
surface area.

Four type-K thermocouples are inserted below the micro-chan-
nel’s bottom wall to measure the surface temperature. One abso-



Table 1
Dimensions of unit cell

Hch

(mm)
Hjet

(mm)
L
(mm)

Ljet

(mm)
W
(mm)

Wch

(mm)
Ww

(mm)
Djet

(mm)

3.00 1.65 20.00 1.43 1.83 1.00 0.42 0.39

Table 2
Experimental operating conditions

Working
fluid

Inlet
temperature Tin (�C)

Inlet jet
velocity Ujet (m/s)

Effective heat
flux q00eff ðW=cm2Þ

HFE-7100 �40 to 20 1.05 to 6.50 20.7 to 1.127
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lute pressure transducer and one type-T thermocouple are con-
nected to the inlet plenum in the upper housing. Another absolute
pressure transducer and a type-T thermocouple are inserted in the
outlet plenums of the bottom housings.

2.3. Performance parameters

Jet velocity, Ujet, is determined from the coolant’s volumet-
ric flow rate, which, in turn, is obtained by dividing the mass
flow rate measured by the Coriolis flow meter by liquid
density.

The heat flux data presented in this paper are based on an
effective heat flux, q00eff , from the test surface area of the copper
block, which is calculated by dividing the total electrical power
input, PW, by the test surface area, At = 10 � 20 mm2. To esti-
mate heat loss, a 3-D numerical model of the entire test mod-
ule was constructed and appropriate natural convection
boundary conditions applied to its exterior. This model showed
heat loss within the nucleate boiling region is less than 4% of
the electrical power input. The heat fluxes reported in the pres-
ent paper are therefore based on the measured electrical power
input.

Mean surface temperature, Ts, is determined by area-averag-
ing the micro-channel’s bottom wall temperatures after cor-
recting for the temperature gradient across a distance Hth

between the thermocouple and the test surface immediately
above

Ts ¼
P4

tci¼1Ts;tciAtci

At
; ð4Þ

where

Ts;tci ¼ Ttci �
q00eff Hth

ks
: ð5Þ
Fig. 4. (a) Subcooling effects on boiling curve at Ujet = 1.04 m
3. Experimental results

3.1. Boiling curve trends

Boiling curves were generated for broad ranges of inlet temper-
ature and jet velocity as given in Table 2. Fig. 4(a) shows the effects
of subcooling on the boiling curve for Ujet = 1.07 m/s. The onset of
boiling (ONB) is shifted monotonically to higher heat fluxes and
higher surface temperatures with increased subcooling. There is
also an appreciable enhancement in CHF at higher subcoolings.
This increase is the result of the subcooled liquid’s ability to absorb
a significant portion of the wall heat in the form of sensible heat
rise before undergoing phase change. With subcooled liquid, the
size of coalescent vapor bubbles or blankets is greatly reduced by
condensation, bringing the bulk liquid closer to the wall.

Fig. 4(b) shows the effects of jet velocity and therefore flow rate
on the boiling curve for an inlet temperature of Tin = �20 �C. Like
subcooling, increasing the flow rate delays both ONB and CHF to
higher heat fluxes and higher surface temperatures. The highest
CHF value measured in the present study is q00m ¼ 1080 W=cm2.
This value was achieved at Ujet = 5.7 m/s with a pressure drop of
DP = 1.2 bar, which is much smaller than pressure drops encoun-
tered in conventional micro-channel flows [7]. It is important to
emphasize that this CHF value is by no means an upper heat flux
limit for the present hybrid cooling scheme. Fig. 4(a) and (b) shows
CHF increases monotonically with increases in subcooling and flow
rate, respectively. This points to the ability to achieve even higher
CHF values using subcoolings and flow rates that exceed those
tested in the present study. As indicated earlier, heat flux is limited
by temperature limits of the various materials comprising the test
module, and tests had to be aborted to preclude any permanent
damage to the test module. Fig. 4(b) shows the test corresponding
to Ujet = 6.50 m/s yielded an upper flux of q00eff ¼ 1127 W=cm2
/s. (b) Jet velocity effects on boiling curve at Tin = �20 �C.



Fig. 5. (a) Variation of channel bottom wall temperature with effective heat flux. (b) Variation of heat transfer coefficient with effective heat flux at Tin = 0 �C.
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following which the test was intentionally aborted before CHF was
achieved. To the authors’ knowledge, this heat flux is the highest
ever achieved for a dielectric coolant at near atmospheric pressure.

Fig. 5(a) shows the effects of jet velocity on the variation of the
area-averaged surface temperature with heat flux for Tin = 0 �C.
This graph shows that increasing jet velocity delays ONB to a high-
er heat flux. Fig. 5(b) shows the variation of the heat transfer coef-
ficient with heat flux for the same inlet temperature as Fig. 5(a).
The heat transfer coefficient is fairly constant in the single-phase
region and increases through most of the nucleate boiling region.
Severe vapor coalescence and blanketing at heat fluxes approach-
ing CHF cause a deterioration in the heat transfer coefficient prior
to CHF, which is evident for the two higher velocity cases in
Fig. 5(b). Not shown is the sudden decrease in the heat transfer
coefficient at CHF, which could not be measured because the test
module is not designed to endure the full CHF transient, and tests
had to be aborted once CHF was detected.

3.2. CHF trends

Fig. 6 shows that, while CHF increases monotonically with jet
velocity for each of four subcooling cases, the dependence is not
very linear, given the fact that CHF is influenced by both jet
impingement and channel flow. The next section will discuss
means of assessing the contributions of each to the test module’s
CHF.
Fig. 6. Variation of CHF with jet velocity for different subcoolings.
4. CHF determination

4.1. Developing Homogeneous Layer Model (DHLM)

In conventional two-phase micro-channel flow, both quality
and void fraction increase monotonically along the micro-channel
as liquid is gradually converted to vapor. The present hybrid cool-
ing configuration involves complex interactions between circular
jets and micro-channel flow, and unusual spatial variations of
quality and void fraction. As illustrated in Fig. 7, the flow pattern
is symmetrical relative to the micro-channel’s centerline. On either
side, jets supply subcooled liquid gradually into the micro-channel,
and the flow rate is not constant but increases along the flow direc-
tion. It is therefore crucial to ascertain the spatial variations of the
key flow parameters in order to determine CHF for the entire mod-
ule. Achieving this goal is complicated by the fact that the flow
along the micro-channel is mostly subcooled, and the liquid and
vapor phases do not maintain thermodynamic equilibrium. This
precludes the use of conventional parameters such as thermody-
namic equilibrium quality to assess the spatial variations of void
fraction and flow velocity.

Recently, Lee and Mudawar [18] introduced a new technique
to determine spatial variations for subcooled two-phase flow in
conventional micro-channels. Using a Developing Homogeneous
Layer Model (DHLM), the flow is described as consisting of two
layers, a homogeneous two-phase flow layer adjacent to the
heated wall and a subcooled liquid core, as illustrated in
Fig. 8(a). The model also assumes that, because of the large
density differences between liquid and vapor, the velocity of
the liquid layer is fairly constant along the micro-channel. Key
DHLM equations that are relevant to the present hybrid cooling
configuration are discussed here. Further details of the model
development can be found in Ref. [18].

As illustrated in Fig. 8(b), mass conservation for a control vol-
ume of the micro-channel flow between jets of length Dz requires
that

dðqf Uf Af Þ
dz

þ Ki ¼ 0 ð6aÞ

and

dðGHAHÞ
dz

� Ki ¼ 0; ð6bÞ

where Uf is the mean velocity of the liquid layer, Af the cross-sec-
tional area of the liquid layer, GH (=qHUH) the mass velocity of
the homogeneous two-phase layer, UH the mean velocity of the



Fig. 7. Schematic representation of vapor growth along micro-channel.

Fig. 8. (a) Cross-sectional representation of Developing Homogeneous Layer Model (DHLM). (b) Mass conservation for liquid and homogeneous layer control volumes.
(c) Energy conservation for homogenous layer control volume. (d) Side view representation of DHLM for hybrid cooling configuration.
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homogenous layer, AH the cross-sectional area of the homogeneous
layer, and Ki the rate of mass transfer from the liquid layer to the
homogeneous layer per unit distance.

As depicted in Fig. 8(c), energy conservation for the same con-
trol volume should account for (i) the portion of the wall heat that
increases the temperature of the liquid mass transferred between
the liquid layer and the homogeneous layer from Tf to Tsat, and
(ii) a second portion that increases the latent heat of the homoge-
neous layer.

q00effðWch þ 2WwÞ ¼
d
dz
ðGHAHhHÞ þ Kicp;f ðTsat � Tf Þ; ð7Þ

where hH is the enthalpy of the homogenous layer.
As illustrated in Fig. 8(a), the flow areas for the liquid layer and

the homogeneous layer can be expressed, respectively, as

Af ¼WchðHch � dÞ ð8aÞ

and

AH ¼Wchd; ð8bÞ
where d is the thickness of the homogeneous layer. The area deriv-
atives with respect to z can be expressed as

dAf

dz
¼ �Wch

dd
dz

ð9aÞ

and

dAH

dz
¼Wch

dd
dz
: ð9bÞ

Combining Eqs. (6a), (6b), (9a) and (9b), and assuming the velocity
of the liquid layer is constant between jets, yield the following rela-
tion for the spatial variation of homogeneous layer thickness

dd
dz
¼

d dGH
dz

ðqf Uf � GHÞ
: ð10Þ

As indicated earlier, because vapor is generated along the
micro-channel in a subcooled boiling region, thermodynamic equi-
librium quality cannot be used to determine the enthalpy of the
two-phase layer. According to the DHLM, the enthalpy of the
homogeneous layer is expressed as
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hH ¼ hf þ x0Hhfg ; ð11Þ

where x0H is an apparent flow quality. Lee and Mudawar [18] re-
viewed earlier relations to determine x0H and found the model by
Kroeger and Zuber [19] well suited for short micro-channels. The
apparent flow quality according to the Kroeger and Zuber model
can be expressed as

x0H ¼
cp;f DTsub;inðZþ � T�Þ

hfg � cp;f DTsub;inð1� T�Þ ; ð12Þ

where

Zþ ¼ z� zbd

zsat � zbd
; ð13aÞ

T� ¼ tanh Zþ; ð13bÞ

and zbd and zsat are the axial locations corresponding to bubble
departure and thermodynamic equilibrium quality of unity,
respectively.

By combining Eqs. (6a), (9a), (9b), (11) and (12) with energy
conservation Eq. (7), the spatial variation of the homogeneous
layer’s mass velocity can be expressed as

dGH

dz
¼
ðqf Uf � GHÞ q00effðWch þ 2WwÞ �WchdGHhfg

dx0H
dz

n o
qf Uf Wchd hH þ cp;f ðTsat � Tf Þ

� � : ð14Þ

The spatial variation of the homogeneous layer’s thickness can be
obtained by substituting Eq. (14) into Eq. (10).

dd
dz
¼

q00eff ðWch þ 2WwÞ �WchdGHhfg
dx0H
dz

qf Uf Wch½hH þ cp;f ðTsat � Tf Þ�
: ð15Þ

Eqs. (14) and (15) are coupled ordinary differential equations.
The homogeneous layer’s thickness must satisfy the following
boundary conditions:

d ¼
0 at z ¼ �zbd

Hch at z ¼ zsat

�
: ð16Þ

The location of saturated boiling, zsat, can be determined with
the aid of a simple energy balance.

zsat ¼
qf Uf WchHchcp;f ðTsat � Tf Þ

q00effðWch þ 2WwÞ
: ð17Þ

The location of bubble departure, zbd, is calculated from

zbd ¼ � zsat � DTsub;bd
qf Uf WchHchcp;f

q00effðWch þ 2WwÞ

� �
; ð18Þ

where, from [20]
Fig. 9. Variations of homogenous layer thickness and liquid layer velocity alon
DTsub;bd ¼
q00eff

hbd
: ð19Þ

The heat transfer coefficient at the point of bubble departure,
hbd, in the micro-channel can be determined using an iterative pro-
cedure that seeks to satisfy the boundary conditions of the homo-
geneous layer’s thickness given by Eq. (16).

The above DHLM development concerns the micro-channel
segments between jets. As illustrated in Fig. 8(d), the thickness,
d, of the homogeneous layer increases along the micro-channel
until it encounters the next jet. This second jet deposits addi-
tional fluid, which increases the coolant’s mass flow rate for
the next micro-channel segment. A new liquid layer velocity
must be used for the second segment to account for the jet
fluid. This new velocity can be determined from mass
conservation

Uch;iþ1 ¼
qf Uch;iWchðHch � dout;iÞ þ qf UjetAjet

qf WchðHch � din;iþ1Þ
: ð20Þ

The heat transfer coefficient at bubble departure, hbd, is recalcu-
lated for the micro-channel segment downstream from the jet
using the updated liquid layer velocity to once again satisfy the
boundary conditions given by Eq. (16).

Fig. 9(a) and (b) show predicted variations of liquid layer
velocity and homogeneous layer thickness along the micro-chan-
nel for Tin = �20 �C and Ujet = 3.2 and 6.1 m/s, respectively. In
both cases, the liquid layer velocity increases along the micro-
channel. While the thickness of the homogenous layer increases
between jets, its overall magnitude decreases along the micro-
channel. Comparing Fig. 9(a) and (b) shows increasing the jet
velocity and therefore the coolant’s flow rate increase the liquid
layer velocity and, to a lesser extent, decrease the thickness of
the homogenous layer.

As discussed in the next section, the liquid layer velocity given
by Eq. (20) is key to assessing the contribution of the micro-chan-
nel flow to CHF.

4.2. CHF prediction procedure

The strategy used in predicting CHF for the hybrid cooling
configuration is to superimpose the contributions of jet
impingement and micro-channel flow. In other words, the
heated area is divided into two portions, one dominated by
jet impingement and the other by micro-channel flow. As illus-
trated in Fig. 10(a), the first portion consists of the stagnation
zones of the jets and surrounding vicinity, while the second is
comprised of the remaining micro-channel flow areas between
jets.
g micro-channel for Tin = �20 �C at (a) Ujet = 3.2 m/s and (b) Ujet = 6.1 m/s.
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To determine CHF for the hybrid cooling configuration, separate
CHF correlations are used for the jet impingement and micro-chan-
nel portions of the heat wall. For jet impingement, the correlation
by Monde and Mitsutake [11] is used

q00mw

q00mw;sat
¼ 1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4CJa

p
2

; ð21Þ

where

q00mw;sat

qf Ujethfg
¼ 0:221

qf

qg

 !0:645
2r

qf U2
jetðl� DjetÞ

 !0:343

1þ l
Djet

� 	�0:364

;ð22Þ

C ¼
0:95 Djet

l


 �2
1þ l

Djet


 �0:364

qf

qg


 �0:43
2r

qf U2
jetðl�DjetÞ

� 	0:343 ; ð23Þ

Ja ¼
qf

qg

 !
cp;f DTsub;in

hfg

� 	
; ð24Þ

l is the characteristic length of the heated surface (the length of a
square heater for single jet case), and q00mw is CHF based on the wet-
ted area. This correlation is highly effective for circular impinging
jets since it is equally accurate in predicting data for a single jet
Fig. 10. (a) Partitioning of one segment of the heated wall into jet impingement and
micro-channel flow portions. (b) Comparison of CHF data and predictions based on
CHF superpositioning scheme.
or multiple jets; it is also valid for coolants with drastically different
thermophysical properties. For systems involving multiple jets,
Monde and Mitsutake recommended that instead of representing
the length of the heated surface, the characteristic length, l, in their
CHF correlation be replaced by twice the longest length between
the center of a jet’s stagnation zone and the edge of the portion of
the heated area that is impacted by the same jet. For the present
hybrid cooling configuration, l is set equal to twice the distance
from the center of the jet’s stagnation zone to the furthest point
along the micro-channel’s sidewall.

l
2
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Wch

2

� 	2

þ H2
ch

s
: ð25Þ

For the micro-channel portion of the heated wall, the correla-
tion by Mudawar and Bowers [21] is used because of its suitability
to subcooled micro-channel flow. For very short lengths, their
correlation can be expressed as

q00mw

qf Uhfg
¼ 0:104

qf

qg

 !�0:29
qf U2L

r

 !�0:24

1þ 0:4
cp:f DTsub;o

hfg

� �
; ð26Þ

where q00mw is CHF based on the channel’s wetted area. For the
hybrid cooling configuration, the inlet velocity, U, and tube length,
L, in Eq. (26) are replaced for each micro-channel segment between
jets by Uch,i and Ljet � Djet, respectively. The outlet subcooling,
DTsub,o, in Eq. (26) is calculated with assuming a linearly increasing
liquid temperature from the center of the micro-channel to the out-
let based on measured inlet and outlet temperatures.

Once CHF values are determined for all the jet impingement and
micro-channel segments of the flow area, CHF for the entire test
module is calculated by area-averaging these values over the top
test surface area, At, of the module.

Wchþ2Wwð ÞLjet
� �

q00m
¼ 2 WchþHchð Þ Ljet�Djet

� � �
� 1

N

XN

i¼1

q00mw;i

�����Mudawar
& Bowers

þ 2ðWchþHchÞDjet�
pD2

jet

4

" #
q00mw

��
Monde
& Mitsutake

ð27Þ

Fig. 10(b) shows this superpositioning technique is very effective at
predicting the HFE-7100 CHF data, evidenced by a mean absolute
error of 15.2%.

5. Conclusions

This study examined the two-phase heat transfer perfor-
mance of a hybrid cooling scheme that combines the cooling
attributes of micro-channel flow and jet impingement. A test
module was constructed and tested using highly subcooled
HFE-7100 to explore nucleate boiling and CHF trends. A two-
phase flow model was used to ascertain liquid velocity variations
along the micro-channel. Using the calculated velocities, a super-
positioning technique was developed to determine CHF for the
hybrid cooling configuration. Key findings from the study are
as follows:

(1) Increasing flow rate and/or subcooling shifts both the
onset of boiling (ONB) and CHF to higher heat fluxes and
higher temperatures. However, data appear to converge
in the nucleate boiling region. The highest CHF value of
1080 W/cm2 was measured with a jet velocity of 5.70 m/s
and inlet temperature of �20 �C. The upper heat flux value
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measured in this study is 1127 W/cm2, which corresponds
to a jet velocity of 6.50 m/s and �20 �C inlet temperature;
this test was intentionally aborted prior to CHF to protect
the test module against burnout. To the authors’ knowl-
edge, these heat flux values are the highest ever achieved
for a dielectric coolant at near atmospheric pressure.

(2) The hybrid cooling configuration involves complex inter-
actions between circular jets and micro-channel flow,
and unusual spatial variations of quality and void frac-
tion. With the subcooled liquid supplied gradually by
the jets, the flow rate is not constant but increases along
the micro-channel. Following the assumptions of the
Developing Homogeneous Layer Model (DHLM), the
micro-channel flow is described as consisting of a homo-
geneous two-phase layer along the heated wall and a
bulk liquid layer. This model is highly effective at deter-
mining the complex liquid velocity variations along the
micro-channel.

(3) CHF is determined with a superpositioning technique that
consists of dividing the heated wall into two portions, one
dominated by jet impingement and the other micro-channel
flow. This technique utilizes the DHLM to determine liquid
velocity for each segment of the micro-channel between jets.
A prior CHF correlation by Monde and Mitsutake is applied
to the jet impingement portion, and a CHF correlation by
Bowers and Mudawar to the micro-channel portion. This
superpositioning technique is shown to be highly effective
at predicting the CHF data for the hybrid cooling
configuration.
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