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Abstract

With ever increasing power dissipation in electronic chips that are shrinking in size, cooling demands are becoming
more severe. Forced air cooling is reaching its operational limits, and single-phase liquid cooling in microchannels has
been able to accommodate the rising heat fluxes. Further increases in computing (chip) power suggest that a switch
from single-phase to boiling heat transfer will be needed. A major impediment to using boiling or forced convective
vaporization for such a cooling application is the limiting critical heat flux (CHF) condition. In this paper, the CHF
condition in microchannels is reviewed. Data from the literature are discussed, and new data for a range of operating
and geometric conditions are presented. Influencing factors, parametric trends, phenomenological models, and other

aspects of the CHF condition are discussed.
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1. Introduction

Progress in the past few years toward better cooling
approaches for electronic equipment has been driven
indirectly by the consequences of Moore’s Law [1],
which states that the number of transistors in an inte-
grated circuit (IC) doubles every 18 months. This
progress has resulted in dramatic increases in packag-
ing density and performance, but this significantly
greater IC chip power has resulted in heat fluxes from
about 50 W/em” in current electronic chips to about
2000 W/em® [2] in semiconductor lasers. The ground-
breaking work of Tuckerman and Pease [3] in 1981
using the flow of water in 50-um wide and 300-um
deep microchannels demonstrated the possibility of
accommodating such high heat fluxes through the use
of very small channels. Likewise, with developments
in nanotechnology, fuel cell technology, the desire for
reduced weight in the aerospace industry, etc., heat
exchangers dramatically more compact than tradi-
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tional compact heat exchangers are being designed
with surface area densities as high as 10,000 m*/m’
[4]. Such high surface densities can be achieved using
a large number of small channels in the 100-1,000-
um range, channels in the so-called mini- and micro-
channel range [5].

The challenge of cooling electronic devices is that
chip temperatures must be maintained below 85°C
despite the high local heat fluxes. This imposes a
practical limit on traditional cooling approaches such
as natural and forced convection using air. Adoption
of liquid cooling (with or without phase change)
seems to be a viable option, and the use of boiling has
many attractive features from a thermal perspective,
such as reduced flow rates (taking advantage of en-
thalpy of vaporization), lower temperature differences,
and improved temperature uniformity. Designers of
non-electronic heat transfer applications also have
recognized the value of the same positive heat trans-
fer attributes of flow boiling in small channels.

Thus, boiling heat transfer in small channels is a
potential solution to some thermal control (cooling)
and thermal processing applications (compact heat
exchangers). However, flow boiling in tubes and
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channels is a quite complex process with some limita-
tions on its use. In particular, an upper operational
limit on the heat flux is defined as the critical heat
flux (CHF) condition, at which a wet-wall, high heat
transfer coefficient operating condition transitions to a
dry-wall, low heat transfer coefficient situation.

For conventional size channels, the CHF condition
has been extensively investigated. Despite the vast
number of studies carried out, the CHF condition is
still not completely understood. Considerable differ-
ences are found to exist in the practical methods used
to define and measure the CHF condition. Because of
the complexity of the mechanism, few satisfactory
analytical treatments are available, and the majority of
the literature on this subject relies on experimental
data for different geometries and fluid conditions.
Bergles [6] has estimated that several hundred thou-
sand data points have been obtained in such studies
and over 200 correlations have been developed (e.g.,
Macbeth [7], Bowring [8], the Heat and Mass Trans-
fer Section of the Scientific Council, USSR Academy
of Sciences [9], Katto and Ohno [10], Groeneveld et
al. [11], Hall and Mudawar [12]). Applicability of
these correlations to smaller diameter tubes (< ~1
mm) is problematical; likewise, most of the correla-
tions were developed for flow boiling of water.

As is the case for larger diameter tubes, the limiting
operational factor for flow boiling in mini- or micro-
channels is the CHF condition. However, the CHF
literature for small passages is quite limited with con-
tradictory results. This literature, discussed below,
focuses on small hydraulic diameter channels (about
2 mm and below). In addition, new data from our lab
for tubes from 0.28 to 0.70 mm are presented and
discussed.

2. Overview of boiling and CHF studies in mi-
crochannels

CHF studies can be grouped into studies in single
and parallel microchannels. Jiang et al. [13] investi-
gated phase-change in microchannel heat sink sys-
tems consisting of either 34 or 35 microchannels
made of silicon. The micro-channels were V-grooved
with hydraulic diameters of 40-um or 80-um. They
concluded that due to the microscale size of the chan-
nels, a stable vapor core was established in the micro-
channel at an early stage such that the evaporation at
the liquid film-vapor core interface became the domi-
nant heat transfer mechanism. The typical bubbly

flow where the bubbles form, grow and detach from
the channel wall was suppressed. Usually, the bubble
activity keeps the wall temperature relatively uniform
with increasing heat flux resulting in a “plateau” in
the boiling curve (7 vs. ¢”), but Jiang et al. did not
observe such a boiling plateau, as is the case in large-
sized channels; here, the slope of wall temperature
versus heat flux plot gradually decreased until the
CHF condition was reached, and then the temperature
increased sharply as is seen in Fig. 1. As with the
study by Yen et al. [14] in single circular tubes dis-
cussed later, the exit quality at CHF was found to be
about 1.0, with the channel flow in single-vapor phase.
However, the authors have not reported the critical
heat flux values obtained from their experiments.

Bowers and Mudawar [15] conducted studies with
R-113 in circular mini-channel and micro-channel
heat sinks made of copper. The micro-channel heat
sink had 510 um diameter channels; however, the
number of parallel micro-channels was not stated.
The heat sink housing, to which the heater was sol-
dered, had both inlet and outlet plenums that were
large enough to ensure uniform pressures in the plena.

Assuming equal flow rates through the individual
channels, they concluded that the CHF was not a
function of inlet subcooling. CHF increased with
mass velocity. At very low flow rates the experiment
produced superheated vapor exit temperatures even at
heat fluxes lower than the CHF. The authors believed
that heat was conducted away from the downstream
region undergoing CHF to the boiling region of the
channel, and that it is thus possible to achieve an
evaporation efficiency of unity (low coolant flow
rate) in flow boiling with miniature heat sinks.

Qu and Mudawar [16] measured the CHF for a wa-
ter-cooled microchannel heat sink that contained 21
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Fig. 1. Boiling curve for microchannel heat sink [13].
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parallel 215%821 um channels over a mass velocity
range of 86-368 kg/m’s, inlet temperatures of 30 and
60°C, and outlet pressure of 1.13 bar. The CHF con-
dition increased with an increase in mass velocity and
was independent of inlet temperature. Based on these
data, and from previous experiments with R-113 [15],
they proposed a new correlation for CHF.

Flow instabilities can severely affect the tests con-
ducted to determine the CHF condition, and instabili-
ties need to be addressed when performing the CHF
experiments. There are three major instabilities that
affect microchannel heat exchangers—the upstream
compressible volume instability, the excursive insta-
bility, and the parallel channel instability. The up-
stream compressible volume instability occurs when
there is a significant compressible volume upstream
of the heated section which causes severe pressure
drop oscillation leading to a premature CHF. This
compressibility could be due to an entrained gas bub-
ble, a flexible hose, or the presence of a large volume
of degassed liquid upstream of the small microchan-
nel [17]. Throttling the inlet helps to eliminate this
instability by isolating the microchannel from the
compressible volume. With the absence of an up-
stream throttle valve, as was the case in studies by
Jiang et al. [13] and studies by Bowers and Mudawar
[15], the compressible volume instability could be
likely responsible for a reduced CHF value.

Qu and Mudawar [16] took care to address this in-
stability by installing a throttle valve upstream of the
heat-sink and found that severe flow oscillations oc-
curred when the valve was open; by throttling this
valve, the oscillations were virtually eliminated.
However, Qu and Mudawar observed an unusual
phenomenon as CHF approached; there was vapor
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Fig. 2. Vapor back flow in the experiments of Qu and Mu-
dawar [16].

backflow from all the channels towards the inlet ple-
num as is seen in Fig. 2, and this was responsible for
the lack of inlet subcooling effect seen in the CHF
data as mentioned previously.

As pointed out in [17], it is quite likely that Qu and
Mudawar’s upstream throttling took care of the com-
pressible volume instability, but their experiment was
still subject to parallel channel instability which is
closely connected with the second kind of instability
called the excursive instability. This instability occurs
if the pump (supply) characteristics (pressure drop vs.
mass flow rate curve), as seen by the heated micro-
channel, has less of a negative slope than the test-
section curve, which ultimately leads to the system
being unstable, shifting the equilibrium point to such
a low flow rate that the critical heat flux condition
occurs. This can be avoided by increasing the avail-
able pressure drop (supply) in conjunction with a
throttle valve so that a stable operation is possible. In
case of single microchannels, this can be taken care of
by having a very high upstream pressure drop as is
seen in the studies described in a subsequent section
by Roday et al. [18] and shown in Fig. 7.

In the case of parallel microchannels, improved
fabrication techniques can be used to employ flow
restrictions at the inlet of each channel to accomplish
the pressure drop needed and, thus, avoid excursive
instabilities observed by Qu and Mudawar [16]. This
technique was used by Kosar et al. [19], who em-
ployed inlet restrictors to study the suppression of
flow boiling oscillations in a silicon microchannel
device having five channels of size 200-um wide and
264-ym deep, 1 cm long. Five 20-um wide MEMS-
based microfabricated orifices were installed at the
entrance of each channel and their lengths were var-
ied from 0 to 400-um to study the effect on suppress-
ing flow instabilities.

They observed severe pressure drop oscillations in
the unrestricted device (1NR) at the onset of unstable
boiling (OUB). With a progressively larger inlet re-
striction (2R50, 3R200, 4R400), the severity of the
pressure drop oscillations decreased, such that no
significant pressure drop oscillations (<1 kPa) were
obtained for the device 4R400.

Higher heat flux values were obtained at OUB for
the devices with restrictors when compared to the
unrestricted device for the same mass flux indicating
that the parallel channel and upstream compressible
volume instabilities can induce premature CHF. The
OUB for the restriction 4R400 was directly associated
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with the CHF condition.
Using a pressure drop multiplier parameter, M

M= (Ap microchannel T Ap oriﬁce)/ Ap microchannel (D

Kosar et al. [19] demonstrated that the value of CHF
increased with an increase in restrictor length, as
shown in Fig. 3.

Using the same device as in [19], Kosar and Peles
[20] studied the CHF condition of R-123 at exit pres-
sures ranging from 227 kPa to 520 kPa. CHF data
were obtained over heat fluxes from 53 to 196 W/cm®
and mass fluxes from 291 to 1118 kg/mzs. Flow im-
ages and high exit qualities suggested that dryout was
the leading CHF mechanism. CHF increased fairly
linearly with mass flux. A detailed discussion on the
parameters affecting the CHF in this study is dis-

cussed in a later section on parametric effects on CHF.

Kuan and Kandlikar [21] studied the effect of flow
boiling stability on CHF with R-123 in six parallel
microchannels of hydraulic diameter 546.5-um (cross
sectional area of each microchannel is 1054-ym
x157-um) machined on a copper block of dimensions
88.9 mm x 29.6 mm. They studied the effect of using
pressure drop elements (PDE) by using a manifold
which had inlet openings of 127-um diameter at the
inlet to each channel, giving an open area that was
7.7% of the cross sectional area of the 1054-um
x 157-um channel. These flow restrictors were ex-
pected to help reduce vapor backflow; however, no
visual flow patterns were reported. Their results show
a decrease in the CHF value with the use of restrictors
as shown in Fig. 4, which is contrary to what is ex-
pected and to the results by Kosar et al. [19, 20].
Since the actual design of the restrictors is not well
described, the reasons for this behavior are not clear.

Conjugate heat transfer effects can become impor-
tant in microchannels since the channel wall thickness
becomes comparable to the microchannel size. For
microchannels fabricated on large blocks, it is possi-
ble that there is significant axial and longitudinal con-
duction through the substrate. This results in a redis-
tribution of heat flux away from those locations
where the CHF condition typically initiates (i.e., at
the exit) and eventually leads to the CHF condition
occuring at the hottest surface. Higher values of the
apparent CHF could be obtained due to these conju-
gate effects. Numerical studies of conjugate heat
transfer with single-phase flow in microchannels have
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Fig. 4. Critical heat flux vs. Weber Number with and without
pressure drop elements (PDE) (Kuan and Kandlikar [21].

been conducted (e.g., Rostami [22]), but such studies
for two-phase flow and the effects on CHF have not
been reported. It is difficult to place temperature sen-
sors around the circumference of a MEMS-based
microchannel device to obtain local wall temperature
and heat flux as pointed out by Bergles and Kandlikar
[17]; hence, numerical techniques might have to be
used to study conjugate effects in parallel microchan-
nels. In single circular tubes, conjugate effects on
CHF could be experimentally studied by selecting test
sections with the same inside diameter but varying the
wall thickness and material.

There are very few CHF investigations in small cir-
cular tubes. There have been some studies in tubes
with small dimensions (down to about 0.3 mm) in-
volving very high mass velocities intended for ex-
tremely high heat flux removal as in fusion reactors
[23-26], but studies at lower mass fluxes, typical of
electronics cooling application, are very limited. For
example, Celata et al. [25] have conducted subcooled
CHF studies in tube diameters as small as 0.25 mm
for very high heat fluxes (up to 70 MW/m?) and high
mass fluxes (greater than 5000 kg/m’s) for fusion
technology application. Nariai et al. [26] reported
CHF studies with water at ambient exit pressure in
stainless steel tubes with inside diameter of 1 mm, 2
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mm and 3 mm; tests were performed from the sub-
cooled to the quality region (very close to zero qual-
ity) for mass fluxes ranging from 7,000 to 11,000
kg/m’ s. They indicated that the CHF decreased with
an increase in exit quality in the subcooled region (i.e.,
negative quality indicated subcooled liquid). There
was a minimum in the CHF versus quality curve very
close to zero quality. As quality was further increased
to a positive value the CHF increased sharply.

A similar trend was observed by Bergles et al. [27]
for CHF with de-ionized water in a stainless steel
2.38 mm tube with L/d=15, mass flux of 3000 kg/m2 S,
and an exit pressure of 207 kPa. At high subcooling
CHF decreased monotonically with increases in qual-
ity; the data passed through a minimum and then in-
creased in the bulk boiling region. Bergles et al. ar-
gued that at low values of subcooling the void frac-
tion became appreciable, which caused an increase in
average velocity with the result that the burnout limit
was raised. They also investigated the effect of di-
ameter on CHF for tube diameters from 0.58-mm to
4.58-mm and found a strong inverse dependence of
CHF on diameter. The earlier work by other research-
ers suggested that CHF decreased with decrease in
diameter, when the size was reduced below 2-mm.
Bergles et al. argued that this could be due to flow
oscillations caused by the upstream compressibility of
the loop.

Roach et al. [28] studied the CHF associated with
flow boiling of subcooled water in circular tubes with
diameters of 1.17 mm (L/d=137) and 1.45 mm
(L/D=110), mass velocities from 250 to 1000 kg/m’s,
exit pressures from 345 to 1035 kPa, and inlet tem-
peratures from 49 to 72°C. They observed the CHF
condition to occur at very high exit qualities (around
0.8) indicating dry-out. CHF increased with increas-
ing channel diameter, mass flux and pressure. They
found that in both the tube sizes for pressure around
690 kPa and mass flux about 800 kg/m’s, CHF did
not occur at all, and a smooth transition from nucleate
to film boiling took place. They stated that the chan-
nel exit pressure and mass flux could not be main-
tained constant during the tests, which indicates an
unstable flow and, thus, the CHF results could be
based on an unstable flow condition.

Oh and Englert [29] conducted sub-atmospheric
CHF experiments with water in a single rectangular
aluminum channel heated on one side with electric
strip heaters. Their channel cross-section dimensions
were 1.98 mm x 50.8 mm (hydraulic diameter of 3.8
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mm) and heated length of 600 mm (L/D=160). The
exit pressures ranged from 20 kPa to 85 kPa. The
tests were performed with mass fluxes from 30 to 80
kg/m’s. CHF was found to increase with mass flux in
almost a linear fashion. The relation between subcool-
ing and CHF was also found to be linear although the
effect was not significant. For an inlet subcooling up
to 66 K, CHF increase was just 15 %.

CHF experiments were performed by Lazarek and
Black [30] with R-113 in a stainless steel tube of in-
side diameter 3.15 mm (L/d=40) in a vertical orienta-
tion. The tube had a heated length of 12.6 cm and a
wall thickness of 0.40 mm. The pressure varied from
124 kPa to 414 kPa. The mass velocities were in the
range of 140 to 740 kg/m’s. Inlet subcooling varied
between 3 to 73°C. They found that the CHF occurred
at very high exit qualities (from 0.5 to 0.8). Following
the power increase, the wall temperatures underwent
progressively large oscillations due to intermittent
rewetting of the passage wall. CHF occurred because
of the dryout of the liquid and always at the exit of the
heated test section length. Axial conduction effects on
CHF were not assessed in this study even though the
test section had a thick wall.

Yu et al. [31] carried out CHF experiments with
water in a stainless steel 2.98 mm inside diameter
tubing (L/d=305) and a pressure of about 203 kPa.
The outside diameter of the test section was 4.76-mm.
CHF was found to decrease with a decrease in mass
flux (mass fluxes varied between 50 to 200 kg/m’s).
CHF qualities were found to be relatively high, above
0.5 and increased with quality. The relative size of the
channel compared to the wall thickness suggests that
conduction may have played a role in the CHF condi-
tion in these studies. However, this was not analyzed.

Lezzi et al. [32] reported experimental results on
CHF in forced convection boiling of water in a hori-
zontal tube of diameter 1 mm and L/d=250, 500 and
1,000. The tube wall thickness was 0.25 mm. The
mass flux varied between 800 and 2,700 kg/m’s. In
all the cases the quality at the outlet was high (greater
than 0.6), and the critical heat flux was reached
through dryout. They claimed that no oscillations
affected the CHF condition, but did not substantiate
this claim.

Convective boiling of R-123 and FC72 in 28-cm
long horizontal stainless steel tubes of inner diameters
0f 0.19, 0.3 and 0.51 mm was investigated by Yen et
al. [14]. The test section was heated by a direct cur-
rent. For boiling, the heat transfer coefficients de-



2534 A. P. Roday and M. K. Jensen / Journal of Mechanical Science and Technology 23 (2009) 2529~2547

creased with vapor quality up to x =0.3 and then re-
mained constant until x =1, which suggests that the
“traditional” CHF condition did not occur. The au-
thors concluded that the heat transfer characteristics
were caused by the size of the nucleating bubbles
been limited by the confined space, because when the
bubbles grew they immediately attached to the sur-
rounding tube wall.

Recently, Wojtan et al. [33] investigated saturated
critical heat flux in single uniformly heated micro-
channels of 0.5 mm and 0.8 mm internal diameters
using R-134a and R-245fa. A valve was installed
between the upstream temperature-controlled refrig-
erant storage vessel and the test section to avoid flow
oscillations. However, the pressure drop oscillations
during the boiling tests were not quantified. They did
not find any influence of inlet subcooling on CHF,
but at the same time they found the CHF to decrease
with an increase in exit quality; however, the range of
inlet subcooling considered was very limited ranging
from 4.5°C to 12°C. They found that at the same
mass flux, CHF increased with increasing diameter,
which is the opposite of the effect found by Bergles et
al. [27]. They presented a new correlation to predict
CHF in circular uniformly heated microchannel.

Thus, there is no general agreement on the trends in
the CHF condition in mini/microchannels so far. For
example, in minichannels, Roach et al. [28] and Wo-
jtan et al. [33] found the CHF to increase with in-
creasing channel diameter but Bergles et al. [27]
found an inverse dependence of diameter on CHF. Oh
and Englert [29] found a weak linear relationship
between inlet subcooling and CHF, but Bowers and
Mudawar [15] and Wojtan et al [33] found that the
CHF was not affected by the inlet subcooling. The
data by Yu et al. [31] indicated that the CHF in-
creased with an increase in exit quality, but the Wo-
jtan et al. [33] data depicts the opposite effect. The
CHEF studies by Roach et al. [28] shows that the CHF
increases with increasing pressure, but the data in
some studies [33] do not show a strong dependence of
pressure on CHF. Many researchers have attempted
to predict their data with existing correlations, but
with mixed results. Many different correlations have
been developed, but they are mostly applicable to the
limited data range over which the experiments were
conducted. Conjugate heat transfer effects have been
neglected, and the effect of flow instabilities have not
been investigated properly during some of the ex-
periments.

3. Experimental apparatus and procedures at
Rensselaer

To avoid some of the problems (i.e., conjugate ef-
fects, parallel channel instabilities, two-phase flow
instabilities in single tubes) associated with previous
CHF experiments, we have designed and constructed
an experiment to study CHF in thin-wall single
stainless steel tubes (Roday et al. [18]). The test facil-
ity is shown in Fig. 5; the test section is shown in Fig.
6. Two items are of particular interest: the needle
valve just upstream of the test section was used to
impose a very large pressure drop (130-200 kPa),
which eliminated two-phase flow instabilities; and the
guard heater, which eliminated heat losses. The test
sections were individual hypodermic tubes made of
304 stainless steel; their ends were sanded and pol-
ished to ensure that no burrs were present. T-Type
thermocouples were mounted at six different loca-
tions on the test section for wall temperature meas-
urements. Also, one thermocouple was mounted on
the test section ahead of the heated length to check for
any backflow of vapor and axial conduction away
from the heated section. Degassed water (2.2 ppm
oxygen content) was used as the working fluid. A
wide range of pressures, mass fluxes, and inlet tem-
peratures were used, and three different tubes were
investigated: ID/OD (in mm) of 0.286/0.45, 0.427/
0.55, and 0.7/0.9.

Single-phase experiments were first performed to
check pressure measurements, the energy balance,
and heat transfer performance. The ratio of the total
experimental pressure drop (sum of the pressure
drops at the entrance, in the developing flow region,
fully developed region and the exit) to that calculated
using correlations from the literature was within
+ 6%. Energy balances generally were within +5%.
During the single-phase heat transfer experiments, the
flow was hydrodynamically fully developed but was
thermally developing through the length of the heated
section.

The heat transfer results were compared with the
modified Hausen correlation (for constant heat flux),
which overpredicted the data by about 34 % at lower
Reynolds number (Re~200) but underpredicted it by
about 50% at Re~1200. However, these laminar sin-
gle-phase heat transfer results were consistent with
other results from the literature [34, 35]; no explana-
tion has been offered yet as to why there is a different
behavior compared to conventional size tubes.
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Flow was stabilized during the CHF experiments
by maintaining a very high pressure drop upstream of
the test section. A thermocouple mounted on the test
section wall just before the heated section did not
show any variations in temperature, which indicated
that there was no backflow of vapor or axial conduc-
tion outwards from the heated section. The pressure
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kPa; G=315 kg/m’s; AT,,,~15°C) [18].

drop showed only small fluctuations with time (sin-
gle- and two-phase flow regimes) except for very
close to the CHF condition. One such plot of pressure
drop versus time is shown in Fig. 7; the magnitude of
the fluctuations was typical of all tests.

For these well-stabilized flow boiling tests we saw
a variety of effects that were not necessarily consis-
tent with results from the literature. Generally, there
was a characteristic sharp rise in wall temperature at
the point of CHF, as can be seen in the plot of wall
superheat versus heat flux depicted in Fig. 8, with
some jumping around in the wall temperature before
reaching the CHF. Lazarek and Black [30] observed a
similar wall temperature response during CHF tests in
a 3.1 mm diameter tube at mass flux of about 270
kg/m’s. Fig. 9 shows the wall temperatures at six
locations along the length of the heated section for
two different conditions. For the lower pressure data,
the CHF condition occurred towards the exit of the
tube at which point the wall temperatures were con-
siderably higher compared to those closer to the inlet
of the tube.

The characteristic CHF did not occur for some of
the experiments up to high heat fluxes, at which point
power was shut down so that the test sections were
not destroyed. This happened for some tests at low
values of inlet subcooling (AT,,=2 — 7°C). Fig. 10
shows the exit wall temperature variation with heat
flux at an exit pressure of 102 kPa, and one axial
temperature data set is also shown on Fig. 9. The wall
temperature linearly increased with heat flux, but
there was no sudden wall temperature spike as is
normally associated with the CHF condition.
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Other tests conducted for slightly lower mass
fluxes (e.g., G= 560 kg/m’s ) showed the wall tem-
perature to suddenly increase (by about 30°C) and fall
back a few times during the experiment but no char-
acteristic CHF was observed. It might be possible that
the flow transitions to an “inverted annular” type even
at lower heat flux levels, and boiling takes place
through a stable vapor film. During this “film” type of
boiling, the wall temperatures linearly increased as
the heat flux was raised. More tests need to be con-
ducted and further studies need to be done to confirm
this phenomenon. Several other researchers have
observed similar behavior (e.g., Roach et al. [28],
Fukuyama and Hirata [36], Hosaka et al. [37]).

Additional data from our lab [18] and some new
data are presented below in the discussion of paramet-
ric trends in the CHF condition.
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4. Parametric effects on CHF

4.1 Effect of Mass flux on CHF

Fig. 11 depicts the dependence of CHF on mass
flux for the three exit pressures with inlet subcooling,
AT, ~ 46°C; the subcooled CHF condition was ob-
served in these data. The CHF increases with an in-
crease in mass flux. The CHF increases with an in-
crease in exit pressure for the same value of mass
flux; the slope of the CHF-G curves increases with
pressure. A similar observation was made at other
values of inlet subcooling.

A similar mass flux dependence of CHF has been
observed by other researchers and is depicted in Fig.
12 for water at reduced pressures through parallel
microchannels of 0.227 mm hydraulic diameter (Ko-
sar et al. [38]), and Fig. 13 shows data for flow of R-
134a through a single stainless steel tube of 0.5 mm
and 0.8 mm inside diameter (Wojtan et al. [33]). Thus,
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Fig. 13. Mass flux dependence on CHF for R-134a (Wojtan
etal. [33]).

an increasing CHF with mass flux is seen in studies
with different fluids. However, note that the water
data of Kosar et al. [38] and Roday et al. [18] have
two significant differences. The Kosar et al. data have
significantly higher CHFs—perhaps due to a smaller
hydraulic diameter or conjugate effects—and do not
show any pressure dependence, unlike the large pres-
sure dependency shown by the Roday et al. data.

The study conducted by Kosar and Peles [20] for
R-123 in silicon-based microchannels also show the
CHF to increase with increase in mass flux, but their
data show some dependence on pressure, and the
slope of the curves vary with pressure (Fig. 14) simi-
lar to the data of Roday et al. [18] in Fig. 11 and Wo-
jtan et al. [33] in Fig. 13, but unlike the data by Kosar
et al. [38] in Fig. 12. Maximum slope was obtained
when the system pressure was maintained at 315 kPa,
and CHF values were greater than for the four other
pressures.

4.2 Effect of inlet subcooling

The effect of inlet subcooling on CHF is shown in
Fig. 15 for all exit pressures for two mass fluxes [18].
For the higher mass flux, at higher levels of inlet sub-
cooling, CHF slightly decreased with a decrease in
inlet subcooling. But at lower subcoolings (water inlet
temperature close to the saturation temperature), the
CHF increased with a decrease in subcooling. The
same trend was observed at the three different pres-
sures; the value of CHF was higher for the higher exit
pressure. A similar behavior was observed for the
lower mass flux as well. For the cases where the CHF
dramatically increased with reduction in inlet sub-

CHF (W)

G eo'rts)
CiXZms)

Fig. 14. Critical heat flux dependence on G in R-123 with
d,;=0.227 mm, L=10 mm (Kosar and Peles [20]).
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Fig. 15. Effect of Inlet Subcooling on CHF for water,
d=0.427 mm, L=59 mm [18].

cooling, the exit quality at CHF was close to zero.

These data are not in agreement with some other
data that exist for CHF in microchannels. For exam-
ple, the data by Wojtan et al. [33] show the CHF to be
affected by exit quality, but only a small influence of
inlet subcooling is observed as shown in Fig. 16.
However, they state that measurements with larger
inlet subcoolings were not possible, and so the data
depicted in Fig. 16 are for subcooling ranging only
from 4.5°C to 12°C. They claim the observation to be
in good agreement with the results of Qu and Mu-
dawar [16] for parallel microchannels.

Qu and Mudawar [16] observed parallel channel
instability (vapor back flow) as the CHF was ap-
proached, resulting in a diminished influence of inlet
subcooling as vapor mixed with the subcooled inlet
fluid in the plenum (Fig. 2). Their data showed hardly
any influence of inlet subcooling as is seen in Fig. 17.
They found this unique to parallel microchannels
because instabilities occurred much more in parallel
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mm (Qu and Mudawar [16]).

microchannels than in single tubes, but at lower sub-
coolings (water inlet temperature close to the satura-
tion temperature), the CHF increased with a decrease
in subcooling.

4.3 Effect of exit quality on CHF

Detailed results for the effect of exit quality on
CHF [18] are presented in Fig. 18. Note that the CHF
first decreases with an increase in quality in the sub-
cooled region, but with a further increase in quality
(near zero quality and above), the CHF is found to
increase with quality. Much higher values of CHF are
found in the region close to saturation when com-
pared to the high subcooled region. With still further
increases in heat flux/exit quality, the CHF condition
did not occur even when the wall superheat (AT,,=
T,-T,.) reached about 40-60°C; the wall temperature
increased essentially linearly with increases in heat
flux (Fig. 10). At this point, the experiment was ter-
minated to save the test section. Such data points
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where CHF did not occur are indicated by solid
markers in Fig. 18. Similar results were obtained at 25
and 179 kPa.

The increase in CHF from the subcooled to the
saturated region can be attributed to the void fraction
change. In such a small diameter tube, the void frac-
tion becomes significant enough to cause an increase
in the flow velocity, thereby causing an increase in
the value of CHF. Similar trends were observed at
studies conducted at the two other exit pressures.
Nariai et al [26] reported a similar observation in their
studies on CHF in minitubes (Imm-3mm inside di-
ameter) but with much higher mass fluxes (7000-
11,000 kg/m’s) as depicted in Fig. 19 .The maximum
exit quality in their data was 0.05. Bergles et al. [27]
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reported similar findings for flow of water through a
2.38 mm tube with a mass flux of 3000 kg/m’s.

This behavior is different from the observations of
Wojtan et al. [33], who found the CHF to decrease
with an increase in quality as depicted in Fig. 20.
However, the mass fluxes were not specified, and
each datapoint is possibly at a different mass flux.
Studies by Kosar and Peles [20] suggests that the exit
mass quality at the CHF condition decreases with
increasing mass velocity at fixed pressure as seen in
Fig. 21, but the effect of quality at a constant mass
flux is not specified.

For tests conducted with the 0.286 mm tube [39],
very high qualities at CHF were observed. Also, the
CHF was found to increase with the increase in exit
quality. These data were compared with the results of
Yu et al. [31] who had conducted CHF studies in a
2.98 mm diameter tube.

As seen from Fig. 22, the results are qualitatively
similar. The CHF values in this study [39] are much
higher with a tube of diameter about 1/10" that of Yu
et al.

8

B

O R-134a, D=0.5mm, Tsat=30°C
O R-134a, D=0.5mm, Tsat=35"C
380 ¢ R-134a, D=0.8mm, Tsar=35°C |
300
& 250
E %
=
=, 200 o_of 0
L m]
T m o
L 150 8
il o
100} 1
50
0 . . 1
1] 20 40 60 80 100

Vapor Quality [%]

Fig. 20. Variation of CHF with exit quality for R-134a [33].
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Fig. 21. CHF dependence on quality for R-123 with d,~
0.227 mm, L=10 mm [20].

Further CHF studies [40] were conducted with wa-
ter for tube inside diameters of 0.286 mm, 0.427 mm
and 0.700 mm for pressures from sub-atmospheric
(25 kPa) to above atmospheric pressure (179 kPa) for
different L/d ratios (75-200) and all the water CHF
data were mapped using available flow-pattern maps
for microchannels. The CHF data when mapped using
the flow pattern map of Hassan et al. [41] are shown
in Fig. 23. It is seen from this figure that most of the
data fall in the churn flow, churn-annular transition or
annular flow very close to the transition zone. The
churn flow is characterized by a highly irregular inter-
face with oscillatory flow of the liquid. With increase
in quality in the saturated region, more vapor is gen-
erated, and it is possible that the waves are stabilized
due to the high vapor. This might be a possible reason
for increase in CHF with quality during the transition
as observed in all the saturated CHF data for the tube
diameters of 0.427 mm and 0.700 mm. Some of the
data for tube diameter of 0.286 mm were in the annu-
lar flow, with the remaining in churn or churn-annular
regime. For all data points (in churn flow as well as
churn-annular transition) and even those in annular
flow closer to transition, the flow might still be oscil-
latory and a similar behavior as observed in other tube
diameters is expected where the CHF increases with
quality. For tube of 0.286 mm diameter, annular flow
far away from transition is observed at very high
qualities where we would expect behavior similar to
conventional tubes (CHF decreasing with quality).

Revellin and Thome [42] have proposed a new
flow-map for evaporating flow in microchannels
based on flow visualization. It classifies the flow into
three regimes—isolated bubble regime, coalescing
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Fig. 22. Comparison of exit quality on CHF for ¢=0.286 mm
[39], and @=2.98 mm [31].
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Fig. 23. Water data flow patterns using flow-pattern map of
Hassan et al. [41].

bubble regime and the annular regime. This flow map
is not universal. A new flow map is needed for every
diameter, pressure and heat flux. Revellin and Thome
flow map showing only the transition from coalescing
bubble region to annular region is used to map the
water CHF data from [40] otherwise a new flow map
would be needed for each CHF data point

In Fig. 24, the solid lines indicate the flow pattern
transitions from coalescing bubble (CB) to annular
flow (A) regime using Revellin and Thome correla-
tion and the symbols indicate the experimental CHF
data points. This flow-map predicts that none of the
CHF data points are in the annular region and data
points for tube diameters of 0.7 mm and 0.427 mm
are far away from the transition line. However, the
Hassan et al. flow map predicts annular flow for some
of the experimental CHF data points. Again, it should
be noted that the experimental parameters in the CHF
studies with water are very different from those that
are used to obtain the Revellin and Thome flow map.

Thus, based on the conclusions drawn from the
data and the flow regime map, the behavior of CHF
with quality can be summarized in the Fig. 25 in
which the behavior of CHF with quality is marked by
two transition points: Transition A, which might de-
pend on the point of net vapor generation, and Transi-
tion B, which depends on the establishment of annu-
lar flow in the tube. These transition points are clearly
functions of the operating parameters, and based on
the chosen condition, one or the other type of behav-
ior is seen. The CHF condition between these two
transition points is governed by a transitional behav-
ior as the mechanism changes from (probably) a
DNB-type behavior in the subcooled region to a dry
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Fig. 24. Water CHF data mapped using flow pattern map of
Revellin and Thome [42].
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Fig. 25. Speculations on the trends of CHF with exit quality.

out behavior at higher qualities.

4.4 Effect of tube diameter on CHF

New data for the three different tube diameters are
given in Fig. 26. The data compared are for a mass
flux of about 320 kg/mzs, L;/d =140, and exit pressure
close to atmospheric. The CHF increased substan-
tially with a reduction in tube diameter to 0.286 mm
from 0.427 mm. The differences in the CHF values
for tube diameters of 0.427 mm and 0.7 mm are not
substantial. We see a similar large increase in CHF
between the 0.227 mm data of Kosar et al. [38] (Fig.
12) and the 0.427 mm diameter data of Roday et al.
[18] (Fig. 11) as well as the very large increase in
CHF going from ¢=2.98 mm to ¢=0.286 mm shown
in Fig. 22. Based on these data, there may be some
sort of transition in the range of d=0.5 mm, wherein
below this diameter the CHF is increased signifi-
cantly and above this value, diameter has a weaker
effect on the CHF condition. A similar inverse rela-
tionship of CHF on diameter was observed by Ber-
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gles et al. [27]. However, as seen in Fig. 27, the data
by Wojtan et al. [33] for refrigerants do not depict the
inverse dependence of CHF on diameter.

4.5 Effect of heated length on CHF

New data were obtained for the two diameters of
0.286 mm and 0.7 mm over different L,/d ratios. For
both tube diameters, the CHF decreased with an in-
crease in heated length. The data for d=0.286 mm
[39] are depicted in Fig. 28. Research conducted by
Wojtan et al. [33] shows agreement with this as is
seen in Fig. 27.

5. CHF models and comparison of data with
existing correlations

There have been attempts to model the CHF condi-
tion, and different trigger mechanisms for CHF have
been proposed. Weisman [43] provided a comprehen-
sive review of the theoretically based approaches to
predict the CHF condition in conventional size tubes.
An earlier model for predicting CHF for subcooled
flows, as described by Tong and Tang [44], was
based on boundary layer separation, coupled with
subcooled core liquid exchange and interface conden-
sation. For highly subcooled flows, Weisman et al.
[45] suggested that the critical void fraction in the
bubble layer triggered the CHF mechanism. Based on
flow visualization, Lee and Mudawar [46] proposed
that CHF in low-quality flows occurred when the
liquid sublayer that separated vapor blankets from the
wall was disrupted. The Katto [47] and Celata et al.
[48] models for CHF are similar to Lee and Mudawar
model; the difference lies in the method used to calcu-
late vapor velocity and liquid sublayer thickness. The
fourth CHF mechanism, based on lift-off of the lig-
uid-vapor interface at the initiation of CHF, was pro-
posed by Galloway and Mudawar’s [49] extensive
flow visualization experiments carried out at near
saturated conditions and relatively low flow velocities.
CHF in high-quality flows was due to liquid dryout in
the annular regime, initiated by the imbalance be-
tween droplet entrainment and deposition. Dryout
models such as by Hewitt et al. [S0] and Sugawara
[51] utilize empirical correlations for entrainment and
deposition.

In studies by Thome et al. [52] in microchannels,
with the aid of a high-speed camera (Fig. 29) the
bubbly flow regime (bubbles smaller than the channel
size) lifespan is short, the bubbles grow to the channel
size very quickly and the dominant flow regime is the
elongated bubble flow regime. Evaporation occurs at
the moving contact line of the expanding vapor slug
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Fig. 29. Video image of an elongated bubble in a glass tube
of 0.8 mm diameter [52].
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Fig. 30. Forces acting on a bubble; pool boiling model-
Kandlikar [53].

as well as over the channel wall which is covered
with a thin liquid film between the wall and the vapor
slug. The complete evaporation of this liquid film
initiates dryout.

The contact angle is believed to play an important
role during dryout and rewetting phenomena in mi-
crochannels. Few of the flow boiling CHF models
available in the literature for conventional size chan-
nels explicitly consider the effect of contact angle on
the CHF mechanism, which probably plays a stronger

role in microchannels than conventional size channels.

The first attempt to include the effect of contact
angle was made by Kandlikar [53] to predict the CHF
during pool boiling. He considered a force balance on
the bubble attached to a horizontal surface, as shown
in Fig. 30. At high evaporation rates near CHF, the
force due to change in momentum (Fy) as a result of
evaporation becomes larger than the sum of the gravi-
tational (Fg) and surface tension forces (Fs; and F,g,)
holding the bubble in place and this results in the
liquid-vapor interface to move along the heater sur-
face leading to the CHF condition.

In a flow boiling situation and based on these
forces acting on a liquid-vapor interface, Kuan and
Kandlikar [21] proposed a theoretical model for CHF
considering the effect of the contact angle. The criti-
cal heat flux was expressed as

20 cosf G_2

geur = Chy | pg — 1 25 2

where b is the channel height and p is the average
density based on the mass quality. The single constant
C, which relates the interfacial area based heat flux to
the CHF based on channel-wall surface area, was
determined from experimental data. Thus, this model
cannot be validated until a large number of CHF data
in microchannels become available. No attempt was
made to investigate the agreement with some of the
existing microchannel CHF data.

Revellin and Thome [54] developed a theoretical
model to predict CHF for flow of refrigerants in cir-
cular microchannels based on solving the conserva-
tion of mass and momentum equations along with the
Laplace-Young equation and includes the effect of
the interfacial waves during annular flow. In this
model, dryout occurs when the height of the interfa-
cial wave becomes equal to the calculated film thick-
ness. The constants in the expression for calculating
the height of the interfacial wave are based on the
data from Wojtan et al. [33] and Lazarek and Black
[30]. The axial or radial conduction effects are ne-
glected in this model and the inlet flow is assumed to
be a saturated liquid. Also, this model assumes no
entrainment during annular flow. The model was
compared with the CHF data from Wojtan et al. and
Lazarek and Black (data from which constants in the
expression were derived) and it was found that more
than 96% of the data are predicted within £20% error
with a mean absolute error of 8%. When the paramet-
ric sensitivities of the model were studied, it was
found that the CHF increases with an increase in di-
ameter of the tube. This is contradictory to some other
studies that have been conducted to study CHF in
microchannels.

The other approach to understand the CHF in rela-
tion to the system variables is of an empirical nature
where a relationship between CHF and the system
variables is developed without a detailed understand-
ing on the mechanisms leading to the CHF condition.
As mentioned earlier, various correlations have been
proposed but generally are applicable to limited data-
base ranges. Nevertheless, the CHF data obtained at
Rensselaer, for the exit at about atmospheric pressure
were compared with these correlations for two differ-
ent tube diameters of 0.286 mm and 0.427 mm [39].
The CHF data in the subcooled region were compared
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with the Hall and Mudawar correlation [55]. This is
represented in Fig. 31. Some of the deviation is be-
cause the Hall and Mudawar correlation overpredicts
the data at very high inlet subcoolings and does not
take into the increased CHF behavior seen as the
qualities approach zero.

As mentioned previously, further CHF studies were
conducted at Rensselaer for flow boiling of water
through microtubes [40] and the data did not compare
well with the Hall and Mudawar correlation for sub-
cooled flow. A new subcooled CHF correlation [40]
was developed for low mass fluxes. The correlation is
expressed as

Cs C
P 4 .
C1~W8dC2 | =L (]c;h] 2111 + C5
Bo= Pe Js 3)

(We, + Cb)(z” + C7J

and the constants in the correlation are tabulated be-
low:

For most of the subcooled data, the CHF first de-
creases with increase in exit quality and it is specu-
lated that beyond PNVG (point of net vapour genera-
tion) the CHF has an increasing trend with quality
[40]. Those data points which show the decreasing
trend for x < xpyy have been used for developing the
correlation

The comparison of the predicted Boiling number
(from the correlation in Eq. 2) with the experimental
boiling number for the subcooled CHF data is shown

Table 1. Values of the constants in the proposed correlation.

C 44587 Cs -0.425
C, 1.136 C; -279.8
G -0.625
C4 -1.680
Cs -0.0157

Table 2. Non-dimensional parametric range for establishing
the correlation.

Parameter Range
Weber Number, We, 0.46-20.01
Density ratio, p/pe 930 — 6022
Length-to-diameter ratio,
L/d 75-200
Inlet subcooling/Enthalpy ratio, Ahy/hy, -0.149 —-0.053

w10 Subcooled Water CHF data

< d =0.286 mm
o d =0427 mm
& d =0.700 mm

+30%

o~30%

Predicted Boiling Number, Bo
=)
=
L

Mean Error= 8.3%
Mean absolute Error= 26.3%
02F 2% et 5 RMS Error= 34.3 % A

. . .
0 0.2 04 0.6 08 1 12
Experimental Boiling Number, Bo =

Fig. 32. Comparison of experimental water CHF data with
the correlation from Eq. (1) [40].

in Fig. 32. It can be seen that the correlation predicts
the data reasonably well, with RMS error of 34.3%.

All the subcooled CHF data available in the litera-
ture are for very high mass fluxes and pressures such
as [23, 24, 56] and, hence, cannot be compared with
the new correlation. Bergles et al. [57] have CHF data
at relatively lower mass fluxes of about 3000 kg/m’s,
but the inlet conditions (temperature or enthalpy) are
not provided and, hence, the data cannot be compared
with the proposed correlation.

Very few CHF data points could be obtained in the
saturated region, because the wall temperatures kept
on linearly increasing with heat flux, and very high
wall superheats were obtained even at significantly
lower exit qualities. For most of the tests in the satu-
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Fig. 33. Comparison of CHF data [39] with saturated CHF
correlation of Qu and Mudawar [16].
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Fig. 34. Comparison of CHF data [39] with saturated CHF
correlation of Zhang et al. [58].

rated region, the characteristic CHF was not observed
and the experiment had to be terminated to save the
test section. For the saturated CHF data in study [39],
two of the correlations developed for mini/micro-
channels were considered for comparison: Qu and
Mudawar [16], and Zhang et al. [58]. Zhang et al.
[58] evaluated existing correlations for flow boiling
of water with available databases from small diameter
tubes and developed a new correlation based on the
inlet conditions by performing parametric trend
analysis of the collected database.

The correlation from [16] does not consider the ef-
fect of inlet subcooling. However, the data presented
in this study clearly shows an effect of inlet subcool-
ing on CHF. The comparisons of the saturated CHF
data with the Qu and Mudawar and Zhang et al. cor-
relations are shown in Fig. 33 and Fig. 34, respec-

tively. The Zhang correlation highly overpredicts the
data for d=0.427 mm. It might be because this corre-
lation was developed by using an existing database
with very few small diameter data, and those data are
almost all in the high mass flux range. The Qu and
Mudawar correlation also does not predict the data
well for either tube diameter as it does not take into
account the inlet subcooling effect.

6. Conclusions

The current available literature on CHF in micro-
channels is reviewed and recent data are presented.
The following conclusions can be drawn:

There are inconsistencies in the experimental CHF
results—disagreements on the influence of inlet sub-
cooling, pressure, exit quality and diameter on CHF.

The CHF is found to increase with an increase in
mass flux and decrease with an increase in heated
length. In most studies, CHF is found to decrease
with an increase in diameter. The effect of quality is
not well understood. Both increases and decreases of
CHF with quality have been observed. In the research
carried out at Rensselaer, a more complex behaviour
of CHF with quality is seen and the possible reasons
for such a behavior have been investigated in detail.

Most of the CHF data in parallel microchannels are
influenced by flow instabilities and conjugate effects.
No attempt has been made to analyze conjugate ef-
fects experimentally.

Data compared with existing microchannel correla-
tions shows mixed results. This is because most of the
correlations are applicable to the limited data range
over which the experiments were conducted. A new
subcooled CHF correlation for low flow rates is pre-
sented in this study.

There are only two CHF models that exist for flow
boiling in microchannels. One of the models, that by
Revellin and Thome, has been compared with the
limited experimental data. The effect of contact angle
and conjugate effects due to the wall should be incor-
porated in the CHF model

Based on this review, we believe that the following
studies need to be undertaken to provide a better un-
derstanding of the CHF condition in microchannels:

More data with different fluids for a variety pa-
rameters—diameter, mass flux, pressure, subcool-
ing—need to be obtained under stable flow conditions.

Flow instabilities need to be addressed and quanti-
fied.
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The effect of conjugate heat transfer effects should
be studied to determine its effects on the CHF condi-
tion.

Phenomenological model for flow boiling CHF
should be developed which will include the effects of
the contact angle and also the conjugate heat transfer

Satisfactory CHF correlations need to be developed
which will encompass different operating conditions.
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