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An extensive experimental campaign has been carried out for the measurement of saturated critical heat
flux in a multi-microchannel copper heat sink. The heat sink was formed by 29 parallel channels that
were 199 lm wide and 756 lm deep. In order to increase the critical heat flux and reduce the two-phase
pressure drop, a split flow system was implemented with one central inlet at the middle of the channels
and two outlets at either end. The base critical heat flux was measured using three HFC Refrigerants
(R134a, R236fa and R245fa) for mass fluxes ranging from 250 to 1500 kg/m2 s, inlet subcoolings from
�25 to �5 K and saturation temperatures from 20 to 50 �C. The parametric effects of mass velocity, sat-
uration temperature and inlet subcooling were investigated. The analysis showed that significantly
higher CHF was obtainable with the split flow system (one inlet–two outlets) compared to the single
inlet–single outlet system, providing also a much lower pressure drop. Notably several existing predictive
methods matched the experimental data quite well and quantitatively predicted the benefit of higher
CHF of the split flow.

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

Currently, the electronic industry is strongly interested in small
size cooling elements for removing high heat fluxes from micro-
electronic devices. The next generation of computer microproces-
sors may need to dissipate heat fluxes over 350 W/cm2 while main-
taining, at the same time, the base temperature below 85 �C. Critical
heat flux (CHF) in flow boiling is an important limit to the design
and operation of all such devices in which it is important to extract
the maximum amount of heat without risk of physical burn-out.

The basic mechanisms of thermal crisis are different according
whether the fluid at the outlet is subcooled (xth < 0) or saturated
(xth < 0). The first case occurs, generally, at very high mass veloci-
ties, high inlet subcooling and high diameter-to-length ratios,
while the second one occurs under the opposite conditions. In
the last 40 years, many researchers have investigated the sub-
cooled critical heat flux, since it is the safety limit in the cooling
systems for the nuclear power plants. For example, Hall and Muda-
war [1,2] collected an extensive database of more than 30,000
points for subcooled CHF.

Most of the more recent saturated CHF [3–13] studies for flow
boiling in micro-scale are summarized in Table 1. The maximum
ll rights reserved.
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diameter considered here is 3.15 mm [4]. The database includes
771 saturated CHF data points, 480 for water, 114 for refrigerants
(R113, R236fa, R134a and R245fa) and 177 for cryogenic fluids (he-
lium and nitrogen). The data refers to single and multi-channel
configurations for circular and rectangular shapes. Sources and
parameter ranges for the CHF data are also provided in Table 1.
In all cases, the saturated CHF increased with the mass velocity;
this is consistent with the decrease of critical vapor quality (by en-
ergy balance) as shown in Katto and Yokoya [5], Wojtan et al. [11],
Qi et al. [12] and Agostini et al. [13].

A lack of subcooling effect on CHF was observed in several stud-
ies (Bowers and Mudawar [6], Qu and Mudawar [10], Wojtan et al.
[11] and Agostini et al. [13]). The investigations, where this effect
was found, observed a nearly linear rise in CHF with increasing li-
quid subcooling.

As far as the geometric effect is concerned, for most studies, the
CHF increased when the channel diameter increased and the chan-
nel length decreased under the same mass velocity and inlet tem-
perature, as well described by Wojtan et al. [11]. No effect of
saturation pressure was pointed out in some studies because of
their limited range of tests.

Besides the thermal goal of achieving a high CHF for a micro-
evaporator cooling element for the new generation of computer
chips (and for power electronics, etc.), the energetic goal is to oper-
ate with as low of pumping power consumption as possible, and
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Nomenclature

Ah heating area (m2)
cpl mean specific heat of liquid (J/kg K)
D diameter (m)
Dh hydraulic diameter of each microchannel (m)
Dhe heated hydraulic diameter of each microchannel (m)
DTsub inlet subcooling temperature (K)
E.B. percentage of points in the error band (%)
f Fanning friction factor
G mass velocity (kg/m2 s)
H height (m)
Htc distance from thermocouple to micro channel bottom

wall (m)
h enthalpy (J/kg)
hlv latent heat (J/kg)
Dhin inlet subcooling enthalpy (J/kg)
I current (A)
K inlet subcooling parameter
k thermal conductivity of copper heat sink (W/mK)
L half of the channel length (m)
La half of the adiabatic channel length (m)
Lh half of the heated channel length (m)
MAE mean absolute error (%)
MRE mean relative error (%)
m total mass flow rate (kg/s)
n fin efficiency coefficient
P pressure (Pa)
Pr reduced pressure
DP pressure drop (Pa)
Q heating power (W)
q heat flux (W/m2) or (W/cm2)
q

c
critical heat flux, W/m2 or W/cm2

qc,0 critical heat flux for zero inlet subcooling (W/cm2)
Re Reynolds number (GD/l)
T temperature (�C)
u absolute uncertainty, the same dimension of each mea-

sured quantity
V voltage (V)

WeD Weber number referred to the diameter (G2D/qlr)
WeL Weber number referred to the length (G2L/qlr)
W width (m)
x vapor quality
z distance along the flow direction from the middle of the

micro-channels (m)

Greek letters
a heat transfer coefficient (W/m2 K)
e relative uncertainty
g fin efficiency
l dynamic viscosity (Pa s)
n single-phase pressure drop coefficient
q density (kg/m3)

r surface tension (N/m)
t specific volume (m3/kg)

Subscripts
b base
ch channel
ch in channel inlet
f fin
h heater
in inlet upstream the test section
l liquid
loss loss
lv liquid to vapor or vice versa
N number of channels
out outlet downstream the test section
pipe pipe
sat saturation
slit slit
sp single-phase
th thermodynamic
tp two-phase
v vapor
w wall
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hence minimizing the two-phase pressure drop and fluid flow rate
through the element are also of primary importance to achieve the
ultimate goal of green, high performance computing. Therefore, the
primary objectives of the present study were:

(1) to collect the first saturated CHF data for flow boiling in a
heat sink containing rectangular micro-channels utilizing a split
flow (one inlet–two outlets) that is predicted to achieve these
goals;

(2) to investigate on the effects of the most important operating
parameters on CHF;

(3) to compare the performance of the new feeding system with
the standard feeding system with one outlet in terms of attainable
CHF;

(4) to assess the accuracy of the leading CHF prediction meth-
ods for split flow operation.
2. Experimental apparatus, test procedures and validation

2.1. Flow loop and test section descriptions

A schematic of the test facility is shown in Fig. 1, located in the
LTCM laboratory at the EPFL where the experimental work was
carried out. The main components are an oil-free magnetic gear
pump, a pre-heater, the test section, a plate heat exchanger and a
reservoir. The refrigerant evaporates by Joule heating and then
condenses in the plate heat exchanger, the latter working with a
glycol–water mixture at �20 �C.

The heat sink, fabricated in copper by electro-erosion and mill-
ing machining, is shown in Fig. 2. It has 29 channels of
199 � 756 lm2 (Wch � Hch) with a 500 lm wall thickness between
each channel. The micro-channels are 30 mm long in the flow
direction. An electric heater, 20 � 20 mm2 of heating area, Ah,
was attached on a Printed Circuit Board (PCB); the PCB then was
placed on the bottom of the heat sink with the heater located at
the middle. Since the channels were heated only for 20 mm in
the flow direction (2Lh), an unheated 5 mm long zone (La) resulted
at the two exits of the micro-channels. Between the heater and the
bottom surface of the heat sink, a thermal interface material (a thin
layer of indium) was placed. The indium has a thermal conductiv-
ity of 86 W/mK at 85 �C. To build a firm support and facilitate the
assembly, a metal plate of 700 lm thickness and a PEEK plate with
a melting point of 250 �C were bolted together with the PCB and
the heat sink.

A stainless steel cover composed by a manifold coupled to a
plate was fabricated and placed on the top of the heat sink. The
fluid enters in the manifold and then passes vertically through a
slit, used to inhibit the phenomenon of flow instabilities and vapor
back flow as well explained by Bergles and Kandlikar [14]. The slit



Table 1
Parameter ranges of available saturated CHF data for flow boiling in mini/micro-channels.

References No. of
points

Geometry no.
channels
orientation

Heated
length Lh

(mm)

Hydraulic
diameter Dh

(mm)

Fluid Saturation
temperature Tsat

(�C)

Inlet sub
cooling DTsub

(K)

Mass velocity
G (kg/m2 s)

CHF (kW/
m2)

Lowdermilk et al. [3] 321 Circ./1/Vert. 64.8–625 1.29–3.12 Water 205–291 114–266 27.4–34,500 192–41,600
Lazarek and Black [4] 32 Circ./1/Vert. 123, 246 3.15 R113 55.8–98.4 2.94–73.8 232–740 93.1–336
Katto and Yokoya [5] 138 Circ./1/Vert. 25.0–200 1.00 Helium �268 0.00–1.02 10.5–108 0.0783–3.52
Bowers and

Mudawar [6]
23 Circ./17/Horiz. 10.0 0.510 R113 57.2 20.0 28.3–479 352–1052

Circ./3 /Horiz. 2.54
Lezzi et al. [7] 87 Circ./1/Horiz. 239–975 1.00 Water 222–291 0–248 776–2738 285–2363
Roach et al. [8] 48 Circ./1/Horiz. 160 1.168, 1.448 Water 143–189 76.4–136 247–1037 860–3698
Sumith et al. [9] 6 Circ./1/Vert. 100 1.45 Water 99.9–110 2.15–12.3 23.5–153 147–715
Qu and Mudawar

[10]
18 Rect./21/Horiz. 44.8 0.341

(0.215 � 0.821)
Water 105–109 45.3–77.2 85.9–368 264–542

Wojtan et al. [11] 34 Circ./1/Horiz. 20–70 0.5, 0.8 R134a 30, 35 4.4–12 353–1533 115–597
R245fa

Qi et al. [12] 39 Circ./1/Vert. 250 0.531–1.931 Nitrogen �189, �176 4.97–18.2 415–2799 87.5–233
Agostini et al. [13] 25 Rect./67/Horiz. 20 0.336

(0.223 � 0.680)
R236fa 20.3–34.3 0.42–15.3 276–992 219–522

Fig. 1. Schematic diagram of the test facility.
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is machined on the back side of the cover plate. The cross-section
of the slit and the channels creates a nearly square orifice of
200 � 199 lm2 at the inlet of each channel. After passing through
the slit, the flow enters vertically at the middle point of the micro-
channels as an impinging flow, then is horizontally split into two
flows to the right and left and finally exits at each end of the mi-
cro-channels. Therefore, this particular feeding system is formed
by one inlet at the middle of the channels and two outlets on the
right and left of the channels and is called a split flow system to
distinguish it from the standard one with only one inlet and one
outlet. A somewhat similar split flow system was tested by Agos-
tini et al. [15] for a silicon test section with both inlet and outlet
orifices, but only heat transfer and pressure drop data were ob-
tained, not CHF data. The scheme of the disassembled test section
is shown in Fig. 3.

2.2. Measurements, accuracy and data acquisition

The mass flow rate of the refrigerants was directly measured by
a Coriolis flow meter, which has an uncertainty of ±0.10% of the
reading in the flow range tested for this work. K-type thermocou-
ples, pressure transducers, sight glasses and gas detectors were in-
stalled at several locations to monitor changes of parameters inside
the loop. The difference between the upstream and downstream
pressures of the test section was measured both with two absolute
pressure transducers and with a differential pressure transducer.
Moreover, the measured upstream pressure was used to calculate
the corresponding saturation temperature using REFPROP 8.0. At
the same location, the fluid temperature was also measured by a
K-type thermocouple with a 500 lm diameter, and subtracting
its value from the saturation temperature yielded the inlet subco-
oling. Downstream of the test section the temperature of the fluid
was again measured by a thermocouple.

On the back side of the heat sink, 10 straight grooves were ma-
chined perpendicular to the flow direction with their tips equally
spaced along the heating length of the middle channel. Then, cali-
brated K-type thermocouples with a 250 lm diameter were in-
serted in each groove and fixed by tin soldering to minimize the
contact resistance. The top and bottom schematic view of the heat
sink and of the arrangement of the thermocouples are shown in



Fig. 2. Photograph of heat sink (199 � 756 lm2), top view.
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Fig. 4. All thermocouples were calibrated before insertion onto the
test section by positioning the sensors themselves and two plati-
num reference probes (accuracy ±0.025 �C as reported by the man-
ufacturer) in a thermally controlled liquid bath; varying the bath’s
Fig. 3. Schematic diagram of the disassembled test s
temperature in a range from 5 to 60 �C, with a step of 5 �C. The
readings from the thermocouples and the platinum probes were
recorded and compared in order to correlate the two sets of data
through a least-square fitting. After calibration, the uncertainties
for these pressure and temperature measurements were
±10.0 mbar and ±0.1 �C, respectively.

The base heat flux was defined as the ratio between the base
heat rate and the heater surface (20 � 20 mm2). The base heat rate
provided by the heater, Qb, was simply calculated multiplying the
voltage, V, by the current, I. From the manufacturer’s specifications,
the current and voltage measurements had uncertainties equal to
0.09 A and 0.06% of the value, respectively. The uncertainty of
the heating area was estimated equal to 5% by taking the standard
deviation of repeated measurements.

In this study, the average of 100 data acquired at 5000 Hz was
used as a single data point. The average of 60 samples of these
points was then recorded as a single experimental point for the
boiling curve. Moreover, on these 60 samples the standard devia-
tion was calculated to assess the attainment of steady state. More
details about this test facility were presented in an earlier study by
Park and Thome [16] on this same test section, but operated with
one inlet and one outlet.
ection (a) and upper view of the test section (b).



Fig. 4. The schematic view of the heat sink and of the arrangement of the
thermocouples.
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2.3. Preliminary tests and assumptions

In this work, it was assumed that with the split flow configura-
tion the total mass flow rate circulating into the loop was split in
half and, consequently, half of the flow went through one-half of
the heated length of the channel (10 mm to each side). For this rea-
son, the mass velocity G was calculated as half of total mass flow
rate circulating into the loop, m, divided by the total cross-sec-
tional area of the channels (N �Wch � Hch), while the heated chan-
nel length Lh (10 mm), measured from the centre of heat sink, was
assumed as half of the real heated length of the channels (2Lh), as
depicted in Fig. 4.

Regarding the assumption of an equal split in the flows after the
slit, this was indirectly verified with preliminary tests. For all con-
ditions tested, the pressure drop measured between the two out-
lets was negligible (differential pressure transducer position is
showed in Fig. 3). As known, during evaporation, the fact that the
pressures at the two outlets, the flow path and the heating power
are the same, it is not a sufficient condition to ensure the equal
split of the flow. However, during the tests near the crisis, it was
verified that the temperature distributions (values) along the mid-
dle channels were quite similar. Moreover, since the slit gave a
considerable pressure drop, flow instabilities and vapor back flow
were inhibited as reported in the work of Agostini et al. [15] Park
and Thome [16] with flow visualization. Hence, with this further
condition, it was reasonably assumed that the system acts to
equalize the mass flow rate to both sides of the split into the mi-
cro-channels.

The test section was considered adiabatic to the surroundings.
In order to determine the amount of heat provided by the heater
that was absorbed by the fluid, the heat loss to the surroundings
from the test section was measured with single-phase tests. The
ratio between the heat loss to the ambient and the input base heat
rate provided by the heater is given as

Q loss

Q b
¼ VI �mcplðTout � T inÞ

VI
ð1Þ

where V and I are, respectively, the voltage and the current through
the heater, m is the total mass flow rate circulating into the loop, Tin

and Tout are the temperatures measured at the upstream and down-
stream of the test section and cpl is the mean liquid specific heat. It
was found that the heat loss ratio decreased when the base heat
flux increased. The tests were run for several mass flow rates with
a difference between the fluid at the inlet of the channels and the
environment temperatures equal to 20 K. Since the heat loss ratio
in single-phase runs attained values that are less than 4% for the
highest mass velocity, it was supposed that in evaporation tests
with a lower temperature difference with the surroundings, this
loss ratio should be even smaller.

Numerical calculations were run to determine which part of the
base heating power was transferred to the fluid through the part of
the micro-channels corresponding to the heater. A 3D simulation
to account for heat transfer by conduction inside the heat sink
(with boundary conditions consistent with the test section and
the operating conditions tested) showed that at least the 94% of
the heating power was transferred to the fluid through the heated
part of the micro-channels (with only 5.5% in the ending ‘‘adia-
batic” zones of the micro-channels and 0.5% in the plenums). This
confirmed the appropriateness of using 10 mm as the heated
length in evaluating the CHF values.

2.4. Criterion for critical test conditions, test procedure and
uncertainties analysis

Before showing CHF results, it is important to describe the cri-
terion used for identifying the CHF conditions and the standard
procedure used to determine repeatability in CHF measurements.
The fluid always entered the split flow system in subcooled condi-
tions. Even when the fluid was in a single-phase state, several
experimental points were recorded after the attainment of steady
state in order to build a complete boiling curve as shown in
Fig. 5 (using the wall thermocouples closest to the end of the
heated zone). As known, the gradient Dq/DT increases at the begin-
ning of the two-phase region, while the same gradient tends to de-
crease approaching the boiling crisis (see Fig. 5). Utilizing this
procedure, it was possible to identify the onset of CHF before it
actually occurred to ensure the integrity of the test section for mul-
tiple tests. In this work, the gradient indicating the onset of CHF
was fixed to a value equal to 1 W/K cm2 for the Dq/DT gradient
corresponding to the crisis; in preliminary tests above this value,
burn-out of the heater occurred and the test section substitution
was required.

The propagation of uncertainties for the base heat flux was
computed as follows:

e2
qc;b
¼ e2

Ah
þ e2

V þ e2
I ð2Þ

where Ah is the heating area of the heater, V and I are the voltage
and the current through the heater, respectively.



Table 2
Range of operating test conditions for the CHF measurements.

Channel
geometry
Wch � Hch

(lm2)

Fluid Mass
velocity G
(kg/�m2 s)

Inlet
subcooling
DTsub (K)

Saturation
temperature
Tsat (�C)

No. of
points

199 � 756 R134a 500–1500 5–15 20–25 27
R236fa 500–1000 5–20 30–40 30
R245fa 250–700 15–25 40–50 20

86 A.W. Mauro et al. / Experimental Thermal and Fluid Science 34 (2010) 81–92
The maximum uncertainty of the base heat flux was estimated
to be equal to ±5.55%. The criterion to determine the critical condi-
tion (the Dq/DT gradient approach) causes an uncertainty in the
determination of the CHF that can be estimated as

e2
Dqc;b
DT

¼ 2 � e2
qc;b
þ u2

T

DT2

� �
ð3Þ

Since the power was increased by a constant step equivalent to
an increment of base heat flux in the range 4–10 W/cm2 near the
crisis, for the fixed value of the Dq/DT gradient (1 W/K cm2) and
for the tests presented in this paper, the maximum uncertainty
encountered in our reported values of CHF was ±10.6%.
3. Experimental results

Table 2 shows the range of operating conditions for the exper-
imental tests carried out to measure the values of saturated base
CHF.

3.1. Effect of mass velocity on CHF

With all the fluids tested, the base CHF values increased when
the mass velocity was increased but the slope tends to diminish
at higher mass velocity as depicted in Fig. 6 for all three fluids. In
the experimental results presented here, the annular flow regime
is the most probable flow regime according to flow pattern maps.
Supposing that the CHF condition occurs in annular flow, we can
retain probable that the CHF is associated to a Kelvin–Helmholtz
instability phenomenon, since in a previous work by Revellin and
Thome [17] their model founded on this assumption (that the trig-
ger for CHF is when the interfacial wave height is equal to the local
time-averaged film thickness) returned a good agreement with a
large experimental database. Consistent with CHF experimental
trends presented in this work, this triggering phenomenon tends
to start at lower vapor quality with higher mass velocity because
of the thinning of the annular liquid layer by the increased vapor
shear.

3.2. Effect of saturation temperature on CHF

In the case of R134a and R236fa, an increase of the saturation
temperature always resulted in a slight decrease of base critical heat
flux at a constant mass velocity, while R245fa showed a different
Fig. 5. Boiling curve.
behaviour with essentially no effect at all, as depicted in Fig. 7. This
fact may be related to the influence of the reduced pressure, Pr, on
the CHF. As known, the increment of saturation temperature, or re-
duced pressure, causes an increase in the vapor-to-liquid density ra-
tio, qv/ql, but decreases the latent heat of vaporization, hlv, and the
surface tension, r, as shown in Table 3. As demonstrated from vari-
ous correlations, the increase of the vapor-to-liquid density ratio
should result in an increase of CHF while the decreases of latent heat
of vaporization and the surface tension should yield a fall in CHF.
These two opposite effects explain why CHF first tends to increase
with increasing the reduced pressure and then, after passing by a
peak, its value decreases with further increase in the reduced pres-
sure. Probably, in the case of R134a and R236fa, for all tested condi-
tions, the reduced pressure was beyond the value corresponding to
the peak of CHF. Instead for R245, the system pressure at tested con-
ditions was less than R134a and R236fa, and it may have been in the
range corresponding to the peak of CHF and consequently the CHF
was not sensitive to changes in saturation temperatures.

3.3. Comparison between the split flow system and the single inlet/
outlet system: effect of L/D

A selection of the present data have been compared with the
previous experimental data measured by Park and Thome [16].
The results reported in Fig. 8a and b showed, respectively, that:

� comparing the systems with the same mass flux in each channel,
there is an increase between about 80% and 95% in CHF for
R134a while for R236fa and R245fa the increase in CHF also
exceeds 80%, due to the fact that the channel heated length for
the fluid in the split system is half that in the one inlet–one out-
let system;

� comparing the two systems with the same total mass flow rate,
there is an increase in CHF and this increase seems to be almost
independent of subcooling, but dependent on the fluid. This
value is equal to 24% for R134a and 43% for R236fa. No compa-
rable data are available for such a comparison for R245fa.
3.4. Effect of inlet subcooling on CHF

For R236fa and R134a, as shown in Fig. 6, the effect of inlet sub-
cooling on CHF is generally negligible at lower mass velocities,
while at higher mass velocities subcooling increases CHF. The po-
sitive effect on CHF due to the increase in inlet subcooling might
be explained considering that the inlet length before the onset of
incipient boiling increases for the same heat flux, mass velocity
and saturation pressure and, as a consequence, the corresponding
two-phase length is reduced. This fact, as demonstrated by many
experimental studies that showed an inverse relationship between
saturated CHF and heated length, could cause the increment of
CHF. Since the increase of incipient boiling length becomes less sig-
nificant when the mass velocity decreases, the increment of CHF
tends to be negligible. The maximum percentage increment of
CHF was recorded for R134a and is equal to 12%. Actually,
R245fa shows an opposite behaviour as depicted in Fig. 6, because
at higher mass velocity the increase of critical heat flux is almost



Fig. 6. Effect of mass velocity and inlet subcooling on base CHF for (a) R134a, (b)
R236fa, and (c) R245fa.

Fig. 7. Effect of saturation pressure on base CHF for (a) R134a, (b) R236fa, and (c)
R245fa.
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Table 3
Fluid properties varying the reduced pressure.

Fluid Tsat

(�C)
Pr (�) qv/ql (�) hlv (J/kg) r (N/m)

R134a 20 0.141 2.27 � 10�2 1.8228 � 105 8.8 � 10�3

25 0.164 2.68 � 10�2 1.7779 � 105 8.1 � 10�3

Deviation (%) 18.1 �2.5 �7.9
R236fa 30 0.1003 1.61 � 10�2 1.4295 � 105 9.5 � 10�3

40 0.1368 2.24 � 10�2 1.3670 � 105 8.3 � 10�3

Deviation (%) 39.1 �4.4 �12.4
R245fa 40 0.0692 1.08 � 10�2 1.8174 � 105 12.1 � 10�3

50 0.0949 1.51 � 10�2 1.7527 � 105 10.9 � 10�3

Deviation (%) 39.8 �3.6 �9.9

Fig. 8. Increment of base CHF passing from the single outlet system to the split flow
system: (a) under the same mass velocity; (b) under the same mass flow rate in the
loop.
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negligible; however for this fluid the limitations of the test setup
did not allow significant variations of the mass flow rate to be
tested. In any case, the effect of subcooling is rather minor and thus
of secondary importance.
4. Comparison of new results with predictive methods

4.1. Data reduction

CHF prediction methods yield the critical heat flux based on
wall heat flux, not the base heat flux, and hence this requires that
the present base CHF values be transformed to wall heat flux val-
ues. Thus, in order to compare the experimental results for split
flow CHF to the predictive methods available in literature, the
experimental data were reduced as described below to obtain the
values of CHF based on the effective heat transfer area of the mi-
cro-channels accounting for the fin efficiency effect.

4.1.1. Definition of the wall heat flux
Consistent with the assumption that the heat loss to the sur-

roundings were negligible and assuming that the heat transfer
trough the fin headers was negligible, the wall heat flux qw relative
to the base heat flux qb is defined as

qw ¼ qb
Wch þWf

Wch þ 2gHf
ð4Þ

The fin efficiency g was calculated with the following relations:

g ¼ tanhðnHf Þ
nHf

ð5Þ

n2 ¼ 2aðWf þ Lf Þ
kðWf Lf Þ

and n2 ¼ 2a
kWf

if Wf � Lf ð6Þ

The heat transfer coefficient a was defined as

aðzÞ ¼ qw

TwðzÞ � TðzÞ ð7Þ

where Tsat (z) and Tw (z) are, respectively, the local wall temperature
and the local saturation temperature. The wall temperature Tw was
calculated from the 1D conduction equation:

Tw ¼ Tb �
qbHtc

k
ð8Þ

where Tb is the base temperature measured by the thermocouple,
Htc is the distance between the thermocouple and the inner wall
of the channel, and k is the thermal conductivity of the copper heat
sink.

4.1.2. Fluid temperature distribution along the channel
The temperature distribution of the fluid along the channel was

determined from local pressure and enthalpy distribution, by the
integration of the following set of ordinary differential equations:

Momentum equation:

dP
dz

zð Þ ¼ G2 2f
t

Dh
þ dt

dz

� �
ð9Þ

Energy equation:

dh
dz
¼ q

m=2
Wch ð10Þ

In the momentum equation, the friction factor, f, was evaluated
by the Fanning relation for the single-phase case; while for the
two-phase zone the homogeneous model was used since Ribatski
et al. [18] demonstrated that this model was suitable for this pur-
pose. In particular, the relation for the friction factor was the
following:

f ¼ 0:079
GDh

ltp

 !�0:25

ð11Þ

where the two-phase dynamic viscosity l was evaluated as

ltp ¼ xlv þ ð1� xÞll ð12Þ

In the energy equation q was set equal to the base heat flux for
the part of the micro-channels corresponding to the heated zone
and equal to zero in the remaining part.
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4.1.3. Boundary conditions for pressure and enthalpy distribution
inside the micro-channels

To integrate Eqs. (9) and (10) an explicit method was used, fix-
ing the pressure, the enthalpy and the mass flow rate at the inlet of
the micro-channels (i.e., at the exit of the slit) as boundary condi-
tions. The mass flow rate was measured directly. The enthalpy was
determined supposing that the slit was adiabatic, knowing the
pressure and the temperature at the inlet of the system. The pres-
sure, Pch,in, was the sum of the measured pressure upstream of the
test section, Pin, the pressure drop along the section A (inlet pipe)
and the pressure drop across section B (inlet manifold + slit + split)
as shown in Fig. 3b:

Pch;in ¼ Pin � ðDPA þ DPBÞ ð13Þ

The fluid state before entering the channels was subcooled. The
pressure drop along section A was estimated by implementing a
well known single-phase correlation. Hence, in order to calculate
the pressure loss in section B, due to the lack of correlation capable
of predicting this pressure loss with the desired accuracy, a corre-
lation was fitted to some specifically obtained experimental data
for the test section. The procedure implemented to obtain these
data is presented below:

(1) From single-phase liquid adiabatic tests, for all the fluids
tested, the total pressure drop (Pin–Pout) was measured for
different values of total mass flow rate, m.

(2) The pressure drop relative to all the sections of the test mod-
ule shown in Fig. 4b, under the same measured values of
total mass flow rate, m, were estimated by using the follow-
ing equations:

(2.1) Pressure drop along the inlet and outlet pipes (sec-
tions A–F):

DP ¼ 1
2
� 4f sp

G2
pipe

ql
� L
D

ð14Þ

where

fsp ¼ 16
Re single-phase Fanning factor� Pouseille� laminar

flow if Re < 2300
fsp ¼ 0:079

Re0:25 single-phase Fanning factor� Blasius� turbulent

flow if Re P 2300
ð15Þ

(2.2) Pressure loss due to the bends and the tee (sections
D–E)

DP ¼ 1
2
� n

G2
pipe

ql
ð16Þ

where n depends on the geometry.
(3) From the single-phase adiabatic tests carried out with the

standard feeding system (one inlet–one outlet) in a previous
investigation by Park and Thome [16] on the same test facil-
ity (different test section), the sum of the pressure drop
along the channels and the pressure loss into the plenums
(section C) was measured, for different values of mass flow
rate; these measurements were evaluated by making a
regression analysis.

(4) Once a correlation was obtained from the previous fitting
procedure, the pressure drop in section C was calculated
under the same conditions as the first adiabatic tests and,
finally, the pressure loss in section B was obtained from:
DPB ¼ ðPin � PoutÞ � ðDPA þ DPC þ DPD þ DPEÞ ð17Þ

By making a straight-line linear regression, the pressure loss
coefficient, n, was found and therefore the dependency of
the pressure loss in section B on the mass flow rate and on
the density of the fluid:

DPB ¼ n
G2

slit

q
ð18Þ

The parameter n was found to be equal to 8.86.

(5) Thus, it was possible to obtain the local pressure at the

beginning of the channels for any desired condition by using
Eq. (13).

4.1.4. Calculating procedure
With the momentum and energy equations, fixing the boundary

conditions, the pressure and enthalpy distribution were then ob-
tained, checking, during the integration, the phase of the fluid in or-
der to adapt the friction factor used in the momentum equation to
be single-phase or two-phase. From the fluid temperature distribu-
tion and wall temperature distribution, the heat transfer coefficient,
the fin efficiency and the wall heat flux could then all be calculated.

4.1.5. Remarks on this procedure
For the inlet zone where the fluid flow was single-phase, an

expression of the friction factor for single-phase flow was used.
Hence, any subcooled boiling effect on the pressure drop in the sub-
cooled region was neglected and, at the same time, it was assumed
that the evaporation started at the point of the liquid saturation of
the bulk fluid enthalpy. Moreover, the relations for pressure drops
in the single-phase contraction had an expression that it is strictly
valid for single-phase flow: during the tests the large subcooling
prevented flashing of the fluid inside the slit. Furthermore, the sin-
gular pressure drop of the slit was significantly larger than that of
the subcooled zone, making this procedure appropriate.

The procedure described above to reduce the CHF data involves
the assumption of an adiabatic top cover plate on top of the fins.
Actually, a stainless steel cover plate was clamped onto the top
of the copper fins of the heat sink, forming the top side of the flow
channels. In earlier tests with a glass cover plate [16], it was ob-
served that only point contacts were made, representing a very
large contact resistance that rendered the top plate adiabatic. To
account for the uncertainty due to this adiabatic assumption in cal-
culating the wall heat flux, one can estimate the heat loss as if the
756 lm fin was 99.5 lm higher with a thermal conductivity of
stainless steel as opposed to copper for this extension, including
a small contact resistance. Such a calculation shows that the heat
loss of the top stainless steel plate is indeed negligible compared
to the stated experimental error noted earlier, especially if a con-
tact resistance is inserted in the analysis.

4.2. Existing predictive methods chosen for the comparison

The first three methods include the effect of subcooling on CHF:
Katto–Ohno: one of the most widely quoted methods for pre-

dicting saturated CHF is the Katto and Ohno [19] correlation. In
case of no inlet subcooling, Katto and Ohno gave five correlations
that are function of the following dimensionless groups:

qc;0

Ghlv
¼ f

ql

qv
;
rql

G2L
;

L
D

� �
ð19Þ

The correlation to use depends on the fluid properties and the
channel geometry. The subcooling effect was taken into account
with the following linear relation:

qc

Ghlv
¼ qc;0 1þ K

Dhin

hlv

� �
ð20Þ

To extend the applicability of their correlations to fluids other
than water, the authors carried out several experiments with R12
and helium.
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Shah: the Shah [20] CHF correlation is based on a large database
including 23 fluids (water, cryogenic fluids, chemicals and liquid
metals), channel diameters from 0.315 to 37.5 mm and channel
lengths from 1.3 to 940 tube diameters. These data were taken
from 62 independent works. The correlation is composed of two
sub-correlations; the first one is called the upstream condition cor-
relation (UCC), and is a function of the conditions at the channel in-
let, such as the subcooling, while the second one is called the local
condition correlation (LCC) and is a function of the exit vapor
quality.

Zhang et al.: the empirical correlation of Zhang and co-workers
[21] was based on a large CHF database for only water over a chan-
nel diameter range of 0.33–6.22 mm; the correlation is very simple
to use since, unlike those above, it does not have any conditional
statement. The Zhang correlation is:

qc

Ghlv
¼ 0:0352 WeD þ 0:0119

L
D

� �2:31 qv
ql

� �0:361
" #

L
D

� ��0:311

� 2:05
qv
ql

� �0:170

� xin

" #
ð21Þ

Unlike the previous methods, the methods below did not notice
any subcooling effect and thus did not include a subcooling effect:

Bowers–Mudawar: the correlation of Bowers and Mudawar [6] is
expressed by the following equation:

qc

Ghlv
¼ 0:16 We�0:19

L
L
D

� ��0:54
" #

ð22Þ

Qu–Mudawar: the correlation of Qu and Mudawar [10] is ex-
pressed instead by the following equation:

qc

Ghlv
¼ 33:43

qv
ql

� �1:11

We�0:21
L

L
D

� ��0:36
" #

ð23Þ

Wojtan et al.: the Wojtan et al. [11] correlation is given by the
following expression:

qc

Ghlv
¼ 0:437

qv
ql

� �0:073

We�0:24
L

L
D

� ��0:72
" #

ð24Þ

Revellin–Thome: Revellin and Thome [17] developed a theoreti-
cal model for predicting saturated CHF in uniformly heated circular
micro-channels. The model is based on the numerical resolution of
a system of five nonlinear differential equations; the system com-
bines the momentum equations for the vapor and liquid phase, the
energy equations for the vapor and liquid phase and the Young–La-
place equation at the liquid–vapor interface. The authors supposed
that the crisis condition in annular flow is triggered when once the
interfacial waves attain the same height as the liquid film
thickness.

In a recent work [22], these correlations [6,10,11,17,19–21]
have been compared with the available CHF data [3–13] summa-
rized in Table 1. It was found that the best overall method was
the Zhang et al. correlation [21] that is capable of predicting the
83.3% of the data within an error band of ±30% as shown in Fig. 9
(in a database dominated by values for water). The method of Rev-
ellin and Thome [17], instead, is more accurate to predict the CHF
data of refrigerants [4,6,11,13] since more than 99% of the data are
predicted within an error band of ±30% with a mean absolute error
(MAE) equal to 9.8%. A new comprehensive comparison by Revellin
et al. [23] again found the same result for a database containing
2996 points from 19 different laboratories for nine different fluids:
that the Zhang method was best for water and that the Revellin–
Thome method was best for the other eight fluids.
To take into account the heating on only three sides of the pres-
ent rectangular channels (consistent with the assumption of adia-
batic cover plate), the heated hydraulic diameter Dhe defined as

Dhe ¼
4WchHch

2Hch þWch
ð25Þ

has been employed as the reference diameter in place of the
hydraulic diameter Dh to adapt the prediction methods to multi-
channel configuration. The actual mass velocity G in the channels
is used in the methods. The wall critical heat flux qc,w, calculated
by Eq. (4), was used in making these comparisons.

4.3. Results of the statistical comparison

The results of the statistical comparisons are shown in Table 4.
The best correlations for predicting the present data were the cor-
relations of Katto and Ohno [19] and Wojtan et al. [11] that predict
100% and 98.7% of the data within an error band of ±20%, with
MAE’s equal to 5.84% and 8.92%, respectively. As in other recent
studies, the Qu and Mudawar [10] method did not work well and
was excluded here from the statistics. However, the methods
[6,11,19,21] and, in particular, the Revellin and Thome method
[17] (having been the best one for the single inlet–outlet tests by
Park and Thome [16]) worked quite well. Overall, all the methods
tended to underestimate the data, except the method by Bowers
and Mudawar [6], perhaps due to the 90� turn in the inlet flow con-
dition for a heated length of only 10 mm. For example, in Agostini
et al. [15] the split flow heat transfer data were not well predicted
by the three-zone flow boiling model of Thome et al. [24], while
the single inlet–outlet heat transfer data in Agostini et al. [25,26]
were very accurately predicted. Hence, some downstream effect
of the inlet normal to the flow is apparently still felt downstream.
The mean absolute errors of the CHF methods, however, never ex-
ceeded 15% with the exception of the water-based correlation by
Zhang et al. [21].

The Wojtan et al. correlation [11] predicts the increment of CHF
obtainable with the split flow system equal to be 94% for the first
case (same mass flux) with a mean error of about +10%. Similarly,
their correlation predicts an improvement of 36% for the second
case (same total mass flow rate), which is close to the average of
the two experimental values (33.5%). Thus, the split flow solution
was found to provide a significant advantage over the traditional
one inlet–one outlet configuration. Furthermore, the pressure



Table 4
Results of the statistical comparison among predictive methods.

Methods Fluids

R134a R236fa R245fa All the fluids

Bowers and Mudawar [6] MAE = 12.6 MAE = 6.51 MAE = 18.0 MAE = 11.6
MRE = 12.6 MRE = 6.51 MRE = 18.0 MRE = 11.6
E.B.(±30%) = 100 E.B.(±30%) = 100 E.B.(±30%) = 95.0 E.B.(±30%) = 98.7
E.B.(±20%) = 100 E.B.(±20%) = 100 E.B.(±20%) = 55.0 E.B.(±20%) = 88.3

Wojtan et al. [11] MAE = 7.75 MAE = 12.2 MAE = 5.57 MAE = 8.92
MRE = �7.73 MRE = �12.2 MRE = �0.98 MRE = �7.72
E.B.(±30%) = 100 E.B.(±30%) = 100 E.B.(±30%) = 100 E.B.(±30%) = 100
E.B.(±20%) = 100 E.B.(±20%) = 100 E.B.(±20%) = 95.0 E.B.(±20%) = 98.7

Revellin and Thome [17] MAE = 21.2 MAE = 12.6 MAE = 7.04 MAE = 14.2
MRE = �19.6 MRE = �9.3 MRE = 3.98 MRE = �9.46
E.B.(±30%) = 96.3 E.B.(±30%) = 96.7 E.B.(±30%) = 90.0 E.B.(±30%) = 94.8
E.B.(±20%) = 33.3 E.B.(±20%) = 96.7 E.B.(±20%) = 90.0 E.B.(±20%) = 72.7

Katto and Ohno [19] MAE = 5.40 MAE = 4.45 MAE = 8.53 MAE = 5.84
MRE = �2.80 MRE = �3.61 MRE = �0.22 MRE = �2.45
E.B.(±30%) = 100 E.B.(±30%) = 100 E.B.(±30%) = 100 E.B.(±30%) = 100
E.B.(±20%) = 100 E.B.(±20%) = 100 E.B.(±20%) = 100 E.B.(±20%) = 100

Zhang et al. [21] MAE = 23.1 MAE = 26.5 MAE = 21.4 MAE = 24.0
MRE = �23.1 MRE = �26.5 MRE = �21.4 MRE = �24.0
E.B.(±30%) = 100 E.B.(±30%) = 96.7 E.B.(±30%) = 100 E.B.(±30%) = 98.7
E.B.(±20%) = 18.5 E.B.(±20%) = 0.00 E.B.(±20%) = 35.0 E.B.(±20%) = 15.6
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drops inside the micro-channels at the same mass flow rate, with
the split flow system, were much smaller thanks to the reduction
of the mass flux in each microchannel. In conclusion, the split flow
system has the benefit of much larger CHF values and reduced
pressure drops and further developments in the design of the split-
ting system could yield to interesting energetic solutions for the
cooling of computer chips.
5. Conclusions

New flow boiling saturated CHF data in a multi-microchannel
copper heat sink have been collected with three HFC refrigerants:
R134a, R236fa and R245fa. The test section was fed by a singular
system with one central inlet and two outlets, called split flow,
which provided much better performance in terms of CHF attain-
able compared with the single inlet/outlet system (and also re-
duced the pressure drop). For all the tests carried out, the
saturated CHF increased with mass velocity. For R236fa and
R134a, an increase of saturation temperature resulted in a slight
decrease of CHF, while the inlet subcooling provided a moderate
positive effect on CHF. For R245fa the effect of saturation temper-
ature and inlet subcooling tended to be negligible. The highest
CHF values have been reached with R134a (330 W/cm2 for
G = 1500 kg/m2 s). With this fluid it was possible to achieve higher
flow rates with the test facility, thanks to its lower two-phase
pressure drop. On the other hand, making the comparison over
the same range of mass velocity, R245fa yielded CHF values com-
parable with R134a. The experimental data were compared with
five prediction methods, including one numerical method. The
data best matched the correlations of Wojtan et al. [11] and Katto
and Ohno [19]. All the methods predicted most of the data within
an error band of ±30%. The numerical method of Revellin and
Thome [17] also worked quite all, with a MAE and a MRE equal
to +14.2% and �9.46%, respectively. The most of the models un-
der-predicted the experimental results, probably due to the effects
of the 90� turn in the flow at the start of an only 10 mm long
heated length.
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