
3
Boiling and Two-phase Flow in Microchannels�

John R. Thome and Gherhardt Ribatski

3.1
Introduction

In recent years, the technologies available for miniaturization of microcooling
devices and microreactors based on evaporating processes have vastly outpaced
what can be hydraulically and thermally modeled. As pointed out by Thome [1], two-
phase heat exchanger cooling devices (evaporators and condensers) are being
developed in a heuristic way without the benefit of proven thermal design methods
for predicting their heat transfer and pressure drops. Based on that and in the broad
number of actual and potential applications for such devices, there has been a notable
growth in the number of studies on fundamental aspects of two-phase flow and
evaporation heat transfer inmicroscale channels in recent years, similar to that which
occurred during the 1960s on flow boiling evaporation in macroscale channels that
was pushed mainly by the nuclear industry.
Evaporation inmicrochannels, often implemented as numerousmicrochannels in

parallel in a cooling element, has seen or is being considered for cooling of computer
microprocessors, chemical microreactors, power electronics, automotive air condi-
tioners and other emerging technologies. The typical advantages of a multi-micro-
channel cooling system are that they are very compact, they can be sandwiched
between hot process channels in a stack arrangement, the boiling heat transfer
coefficients are very high, very low to very high heat fluxes can be dissipated, fairly
uniform temperatures can be producedwhen required, variousmaterials can beused
for their construction and their rapid time response to changes in the thermal cooling
load for ease in temperature control.
Among various aspects, the characterization of flow pattern transitions and the

measurement of pressuredropsandheat transfer coefficienthavebeen themain focus
of research. Recently, some microscale heat transfer and pressure drop predictive
methodshavebeenalsoproposed.Flowpatternstudieshavedealtmainlywithair–water
mixtures. It is important to highlight that in these studies the flow patterns are not a

�A List of Symbols can be found at the end of this chapter.
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resultoftheboilingprocessandmayberelatedtotheupstreamgas–liquidmixerdesign.
Another topic that researchers working on evaporation in microscale channels are
dealing with is the characterization of the critical heat flux (CHF), also called burnout.
This is an important topic since is related to the upper operational limit of a thermal-
management device and, if surpassed, would result in the complete destruction of the
cooled device. Some CHF predictive methods have been also proposed.
Recentworkonflowboilinginmicroscalechannelshasrevealedaboilingmechanism

characteristicofchannelsofreducedsizes.Inboilinginmicrochannels,theheat transfer
processes of primary importance are thin-film evaporation and single-phase heat
transfer in the slugflowregimeand convectiveheat transfer in theannularflowregime.
Nucleate boiling is present and important apparently only in the bubbly flow regime.
In this chapter, a review of the literature dealing with the aforementioned topics is

presented. Additionally, flow pattern, pressure drop, heat transfer coefficient and
critical heat flux predictive methods are presented. The main findings of a recently
published study by Ribatski et al. [2] evaluating pressure drop and heat transfer
coefficient predictive methods by comparing their results against a broad database
from the literature are also discussed. At the end of the chapter, the current leading
prediction methods for two-phase flow and boiling in microchannels are presented.
The interested reader can also refer to a later referencedwebsite byThome [55], where
numerous videos of two-phase flows in microchannels are available.

3.2
Macro-to-Microscale Transition

A tricky aspect inmicroscale two-phaseflowandheat transfer studies is how to identify
the macro-to-microscale threshold. A threshold diameter of 3mm was suggested by
Kandlikar andGrande [3] for the conventional-to-mini-channel threshold based on the
characteristic tube diameters found in distinct applications. However, it is important
to highlight the fact that such a criterion does not reflect the influence of channel size
on physical mechanisms. For smaller channels, Kandlikar and Grande [3] also took
into account conditions at which the distance between molecules become relevant to
the flow. Their characterization criteria are as follows: molecular nanochannels
(dh� 0.1mm), transitional channels divided as transitional nanochannels (0.1–1mm),
transitional microchannels (1–10mm), microchannels (10–200mm), minichannels
(200mm–3mm) and conventional channels (dh> 3mm). A classification based on
fixed channel hydraulic diameters was proposed earlier by Mehendal et al. [4] as
follows: microchannels (1–100mm), mesochannels (100mm–1mm), macrochannels
(1–6mm) and conventional channels (dh> 6mm). Kew and Cornwell [5] proposed an
approximate physical criterion for macro- to microchannel threshold diameter based
on the confinement of a growing bubble within a channel as follows:

dth ¼ 4s
gðrL�rGÞ
� �1=2

ð3:1Þ
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Whenhydraulic diameters are larger than the threshold diameter, the channels are
defined asmacroscale channels whereas smaller diameters are defined asmicroscale
channels. Contrary to the fixed values of Kandlikar andGrande, according to the Kew
and Cornwell criterion the macro-to-microscale transitional diameter may vary from
as high as 5mm for water at low reduced pressure to smaller than 1mm for CO2 at
reduced pressures higher than 0.8, as shown in Figure 3.1 from Thome and
Ribatski [6]. This method, however, has not been verified by a comprehensive
database of observations and should for now be used as a preliminary guideline
for the dividing line between macroscale and microscale flow boiling and flow.
Recently, Brauner and Ullmann [7], based on an analysis of the flow pattern

transition mechanisms, identified an E€otv€os number, Eo¼ [g(rL�rG)d2]/s, lower
than 1.6 as a characteristic threshold value for themacro-to-microscale transition, for
switching to different modeling of flow pattern transitions, which are valid in
microscale channels. This value is somewhat smaller than that used by Kew and
Cornwell [5] (Eo¼ 4) when proposing their criterion.

3.3
Flow Patterns in Microscale Channels

It is over 50 years since the first flow pattern map was proposed by Baker [8], who
defined flow pattern transitions based on the superficial gas and liquid velocities for
oil and gasflows. Since then, severalmaps and predictionmethods for characterizing
flow patterns in two-phase flows have been proposed, most of them being based on
observations for channels with internal diameters larger than 10mm. Combinations

Figure 3.1 A comparison by Thome and Ribatski [6] between the
transition diameter from conventional to mini-channels and from
mini-channels to microchannels recommended by Kandlikar and
Grande [3] and the macro-to-microscale threshold diameter
criterion of Kew and Cornwell [5] shown for CO2 and water.
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of physical properties with the superficial velocities, superficial void fraction and, in
the case of diabatic applications, the total mass velocity and vapor quality have been
used to characterize flow pattern transitions in these maps.
It is unquestionable that the importance of predicting flow patterns is related

mainly to how the flow structure can affect pressure drop and heat transfer, which,
instead of flow patterns, are the thermal design parameters that really matter. The
ability to keep and even to impose a certain flow pattern on a flow in order to improve
heat transfer and/or decrease pressure drop is also a significant aspect highlighting
the importance of two-phaseflow patterns and their prediction.Hence it is important
to mention that although some authors have proposed 16 distinguishable flow
patterns [9], this detailed characterization is unnecessary based on the observed
pressure drop and heat flux behaviors observed in our databases.
Recently, Cheng et al. [10] presented a broad review on two-phaseflow patterns that

is suggested here to provide a comprehensive overview not only of the historical
aspects offlowpatterns characterization but also of the actual status quo of research on
this topic. As a separate chapter on two-phase flows in microchannels is presented
elsewhere in this handbook, here flow patterns will be discussed only briefly.
Actually, there seems to be a common agreement among most researchers

carrying out studies on larger tube diameters that the effects of pipe diameter and
surface tension on the establishment of the flow pattern regime are negligible. For
example, most flow pattern transition methods do not include these parameters;
however, this seems to be partly true just for tubes in the order of 10mmor larger [11].
According to Tripplet et al. [12], since the channel diameters for microscale

channels are about equal to or smaller than the Laplace length scale, the hydrody-
namic interfacial process that are governed by Taylor instability does no apply to
capillaries and therefore macrochannel flow pattern transition prediction methods
will not work for smaller channels. In microscale channels the liquid flow is often
laminar with typical Reynolds numbers in applications from about 100 to 4000,
which is rare in macroscale channels where the opposite is true: the majority of
applications have turbulent liquid flow. Based on this, it seems likely that the
knowledge developed for macroscale channels under turbulent conditions cannot
be directly extended to predict flow pattern transitions in microscale channels.
However, it seems that except for stratified flow, the other major flow patterns that
are common in large channels also occur in microchannels, although certain flow
pattern details may differ significantly from those in large channels and the
boundaries of the various regimes are different.
As observed and characterized by Thome and co-workers [13, 14], the flow patterns

and their transitions encountered during flow boiling of R-134a in a 0.5mm tube are
as follows:

. Bubbly flow: In bubbly flow, the bubbles are smaller in length than the diameter of
the tube and the vapor phase is distributed as discrete bubbles in a continuous
liquid phase. Figure 3.2a shows a picture of this regime.

. Bubbly/slug flow: Here both bubbles longer and shorter than the diameter of the
channel are observed, as shown in Figure 3.2b. The bubble frequencies
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increase rapidly with heat flux in the evaporator, reach a peak and then decrease
due to coalescence of bubbles. The frequency of the bubbles go as high as
900Hz.

. Slug flow: This regime is characterized by vapor bubbles longer than the diameter
of the channel, which are slightly smaller in diameter than the tube. The bubbles
are separated from the inner channel wall by a thin film of liquid and from one
another by liquid slugs as depicted in Figure 3.2c. The bubble frequencies decrease
with increasing vapor quality due to coalescence of elongated bubbles but at a
slower rate than in the case of coalescence of small bubbles.

. Slug/semi-annular flow: Here both slug and semi-annular flows are present. The
bubble velocity increases with heat flux and the rear of the elongated bubbles begin
to break up (Figure 3.2d). Coalescence is no longer clean but instead creates a
churn-like zone in place of the liquid slug.

. Semi-annular flow: In this flow, liquid slugs are non-existent, as shown in
Figure 3.2e. A liquid film forms at the tube wall with a nearly continuous central
vapor core, truncated periodically by churning liquid–vapor zones. It is interesting

Figure 3.2 Images of Revellin et al. [14] for R-134a, d¼ 0.509mm,
L¼ 70.70mm, _m¼ 500 kgm�2 s�1, Tsat¼ 30 �C and DTsub¼ 3 �C
at exit of heated channel taken with high-definition, high-speed
digital video camera.
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to emphasize that the churning liquid–vapor zones disappear gradually from the
beginning of this regime up to its end.

. Annular flow: In annularflow, a liquidfilmflows on the tubewall with a continuous
central vapor core without churning liquid–vapor zones. There are two types of
annular flow, distinctly wavy and relatively smooth, as can be seen in Figure 3.2f
and g, respectively.

A new flow pattern prediction method was also proposed by Thome and co-
workers [13, 14] for convective evaporation insidemicroscale channels based on tests
with R-134a and R-245fa in 0.5 and 0.8mm channels. This method is based on flow
images from a high-speed digital camera coupled with the analysis of the intensity of
laser beams crossing a glass tubewithin the testingfluid. The glass tube had the same
internal diameter as the evaporating section and was located just after it. Equations
based on dimensionless numbers were proposed in order to characterize the
transitions between isolated bubble and coalescing bubble regimes and coalescing
bubble and annular regimes. A third transition was also correlated characterizing the
change from annular to post-dryout regime.
Thome et al. [15] have recently observed diabatic flow patterns during flow boiling

of R-134a in multi-microchannels. In Figure 3.3, from their work, the bubbly flow,
slug flow and annular flow regimes can be distinguished from left to right.

3.4
Pressure Drop

The two-phase flow pressure drops are the direct sum of three contributions: the
static pressure drop Dps, the momentum pressure drop Dpm and the frictional
pressure drop Dpf. For a horizontal tube, there is no change in static head so Dps¼ 0.
Themomentum pressure drop reflects the change in kinetic energy of the flow. Both
may be obtained using an appropriate void fraction relation. Thus, the major goal of
microscale studies on pressure drop is to find an empirical correlation or simplified
concept to correlate the two-phase frictional pressure drops.
In two-phase microscale flows, the liquid phase is laminar for almost all the test

conditions, which is rare in macroscale studies. In addition, it is expected in small
diameter tubes that the effect of surface tensionwill becomemore pronounced while
the influence of gravity will become less important and consequently stratified types
of flows are rarely observed, i.e. no more fully stratified or stratified-wavy flow

Figure 3.3 Flow patterns observed by Thome et al. [15] in multi-
microchannels for R-134a, Tsat¼ 21 �C, _m¼ 680 kgm�2 s�1 and
q¼ 100 kWm�2.
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regimes exist. This fact is widely confirmed in many visualization studies for
air–water, steam–water, gas–ethanol, refrigerants and other fluids. Bubbly flow is
also seldom observed because its lifespan is very short as bubbles coalesce or grow to
the channel size very quickly; hence, it exists only at very low vapor qualities.
Therefore, it is logical to suppose that the theories developed for macroscale will
not extrapolate well to the microscale two-phase flows.
Generally, experiments on pressure drop in microscale channels have been

performed under both diabatic and adiabatic conditions, for air–water mixtures and
halocarbon refrigerants. Frictional pressure drop gradients up to 22MPm�1

have been observed. Test sections include both rectangular and circular channels,
hydraulic diameters, dh, down to 50mmand tests over awide range ofmass velocities.
Tests were conducted for multi-channel elements and also for single-channel
configurations with the test length varying according to the test section diameter.
Pressure drops are usually directly measured by absolute pressure transducers and/
or differential pressure transducers, but this can create a disturbance of the flow as
the connects are often places in larger diameter inlet and outlet headers. For diabatic
conditions, thermocouples can be attached to the channel surface to obtain indirectly
the fall in saturation pressure, which was successfully implemented by Revellin and
Thome [16] when the values are sufficiently large. By adopting this method, the flow
is not deformed or disturbed and effects of capillary pressure related to the formation
of a liquid–vapor meniscus in the pressure transducer�s very small diameter piping
connections to the test section are avoided. As pressure drops inmicroscale channels
are fairly high, the accuracy of its measurement remains reasonably good.
Most databases present coherent trends in the experimental data. As expected,

pressure drops in microscale channels were generally much larger than in macro-
scale channels. The pressure drop increases with increasingmass velocity whereas it
decreases with increasing saturation temperature and internal diameter. Unfortu-
nately, there are hardly any data obtained under similar experimental conditions by
independent authors to check for quantitative inconsistency among data from
different authors. Furthermore, some microchannel two-phase flow data are
recorded for unsteady, fluctuating test conditions (such as with intermittent back
flow) and these data are often not clearly earmarked as such.
An interesting behavior is shown in Figure 3.4 andwas pointed out by Revellin and

Thome [16]. Similarly to the classicMoody diagram in single-phase flow, according to
their results, three zones were distinguishable when plotting the variation of the two-
phase friction factor versus the two-phase Reynolds number, as follows: a laminar
zone for ReTP� 2000, a transition zone for 2000 <ReTP� 8000 and a turbulent zone
for ReTP > 8000.

3.5
Boiling Heat Transfer

In general, it is supposed that the theory based on macroscale channels may not be
directly applied to microscale channels due to differences in flow characteristics and

3.5 Boiling Heat Transfer j67



in the heat transfer mechanisms. The evaluation of the heat transfer coefficient in
microscale channels has attracted the attention of a large number of researchers.
Generally, these studies are carried out to obtain experimental time-averaged heat
transfer coefficients by using thermocouples distributed along the evaporator to
measure the wall temperature. Few authors have dealt with transient heat measure-
ments, which would be valuable for developing a better understanding of the heat
transfer mechanisms in microscale channels. In these few cases, infrared thermog-
raphy techniques have been used.
Heat transfer experimental studies have been performed for a wide range of

fluids, heat fluxes, mass velocities, saturation temperatures (corresponding to
reduced pressures from 0.0045 to 0.872) and vapor qualities from 0 to 1. Tests have
been conducted for single- andmulti-channel configurations with a heating length
generally smaller than 500mmandusing the followingheatingmethods: (i) the test
surface was heated by applying a direct DC current to the test section, (ii) the test
surface was heated by contact with an electrical heater or (iii) the test surface was
heated by hot water and the a value was obtained either by a modified Wilson plot
method approach or by direct temperature measurements on the test surface.
Based on the experimental results from the literature, the following main con-

clusions canbe drawn: (i) distinct authors obtained significantly different trends fora
with respect to x, _m and q, (ii) a increased when reducing dh and (iii) generally,
nucleate boiling has been suggested as the dominant heat transfermechanism. This
last statement comes from macroscale concepts and a misconception that an
evaporation process dependent on the heat flux necessarily means that nucleate
boiling is the controlling mechanism. This is not the case here, as shown by Jacobi

Figure 3.4 Two-phase Moody diagram for microchannels of Revellin and Thome [16].
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and Thome [17], according to which the transient evaporation of the thin liquid film
surrounding the elongated bubbles is the dominant heat transfermechanism in slug
flow, not nucleate boiling, and have shown that thismechanism is dependent on heat
flux.
Remarkable discrepancies among experimental results obtained by different

workers under almost identical experimental conditions were revealed by Ribatski
et al. [2] on comparing a broad database gathered from the literature. Contradictory
heat transfer behaviors for CO2 flow boiling experimental results from different
workers were also pointed out by Thome and Ribatski [6], in this case for bothmacro-
and microchannels. Recently, it was shown by Ribatski et al. [18] that erroneous data
regression analysis and inadequate experimental procedures may be related to such
huge differences, viz. a decrease in the measured wall temperature due to the heat
spread by longitudinal conduction through the evaporator, incorrect estimation of the
local fluid temperature distribution along the channel and inappropriate definitions
of heat flux and mass velocity.
Typicala versus x trends identified in the literature by Agostini and Thome [19] are

shown in Figure 3.5, where the boiling trend is identified by the different dependent
variables influencing heat transfer and the number refers to alternative behaviors
observed with these variables. Thus, QX1 means that the heat transfer coefficient
depends on the heat flux and vapor quality only and presents the most frequently
observed behavior in experimental studies among the three observed with these
variables (see Figure 3.5). Inmost of the studies analyzed byAgostini and Thome, the
most frequent boiling trends correspond to the behaviors given by QX1 and X1.
Agostini and co-workers [20, 21] have also identified for tests in a multi-

microchannel configuration three main heat transfer trends according to the heat
flux level: (i) at low heat flux, vapor quality and mass velocity, the heat transfer
coefficient increases with vapor quality and is independent of heat flux and mass

Figure 3.5 a versus x behaviors identified in the literature by Agostini and Thome [19].
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velocity, (ii) atmediumheat flux, the heat transfer coefficient is almost independent
of the vapor quality and increases with heat flux but is weakly dependant on the
mass velocity and (iii) at high heat flux, curiously, the heat transfer coefficient
increases weakly with mass velocity and decreases with increasing heat flux.
Agostini et al. [21] also investigated the effects of the saturation pressure and it
was found that the heat transfer coefficient increased with saturation pressure.
Furthermore, the level of inlet subcooling did not affect the heat transfer coeffi-
cients downstream in the saturated flow boiling region. On the other hand, a fall-off
in the heat transfer coefficient with increasing subcooling was observed in the
subcooled region, which is also evident in some other experimental studies.
Additionally, for most of their results, and contrary to what would be expected
under pool boiling conditions, higher heat transfer coefficients were observed for
R-245fa than for R-236fa.

3.6
Critical Heat Flux

Critical heat flux (CHF), also known in the literature as burnout point, is generally
related to a drastic decrease in the heat transfer coefficient and is observed not only
under pool boiling but also under convective boiling conditions. The CHF condi-
tion is observed when the liquid supply to the heated surface is blocked and the
surface is covered by a layer of vapor, such that the heat is transferred from the
surface to the liquid by conduction and convection through a vapor layer. When
heat is dissipated from a device which the imposed parameter is the heat flux, viz.
microprocessors, fuel cells, spacecraft payloads and fuel elements in nuclear
reactors, exceeding the CHFmay result in an irreversible damage of the thermally
controlled device.
In convective boiling, themechanisms related to the onset of CHFare related to the

state of the working fluid. Distinct mechanisms are observed under subcooled and
saturated conditions. The subcooled condition refers to when CHF is reached at the
outlet of the test section while the thermodynamic vapor quality is lower than zero.
Such scenarios are observed for high mass velocities, high degrees of subcooling at
the inlet of the test section and low ratios of heated length to channel diameter. The
critical heat flux under saturated condition occurs when the thermodynamic vapor
quality is higher than zero at the outlet of the test section.
For the saturated CHF, the liquid film dries out near the channel outlet and this is

thought to be the mechanism related to the onset of CHF. At low flow rates in small-
diameter tubes, this type of CHFmay be prone to occur also due to the thinner liquid
film thickness, as suggested byZhang et al. [22]. In general, for subcooledCHF, it has
been proposed that boiling at high heat fluxes may promote the detachment of the
boundary layer from the heated wall blocking the liquid replenishment near the
surface, thus favoring the dryout of a liquid sublayer beneath vapor blankets. This and
other theories explaining the physical mechanisms related to the achievement of
critical heat flux were detailed by Maulbetsch and Griffith [23], Kutateladze and
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Leont�ev [24], Weisman and Pei [25] and Lee and Mudawar [26], suggested here as
references for further reading.
Despite the vast literature concerning experimental studies on CHF in macroscale

channels, predominantly using water as the working fluid [27], until now only a few
studies have investigated the critical heat flux in microscale channels [28]. Among
those, water was again the most widely used test fluid [29–36]. Studies for halocarbon
refrigerants were performed by Bowers and Mudawar [37], with R-113 for a parallel
multi-channel heat sink configuration, by Wojtan et al. [38] for R-134a and R-245fa
flowing in circular channels having diameters of 0.5 and 0.8mmandmore recently by
Agostini et al. [39] for R-236fa in amulti-microchannel heat sink.Wojtan et al. [38], for
instance, observed at saturated conditions a critical heat flux as high as 0.6MWm�2.
When comparing CHF results in single- and multi-microchannels, it is important

to highlight which area is usedwhen specifying the dissipated heatflux.Much higher
critical heat fluxes are presented by authors when referring the heat flux to the
footprint heat sink area than when compared against the values presented by authors
referring the heat flux to the wetted area in contact with the evaporating fluid.
Agostini et al. [39] observed CHF heat fluxes of 500 kWm�2 when referring to the
overall heated area directly in contact with the fluid without taking into account fin
effects, which was equivalent to 2.5MWm�2 when referring to their footprint area.
Agostini et al. [39] suggested within the experimental range of their tests that the
saturation temperature and inlet subcooling have a minor or negligible influence on
saturated CHF. Negligible effects of subcooling on the saturated CHF were also
observed by Qu and Mudawar [34] in a water-cooled microchannel heat sink
containing 21 parallel 0.215� 0.821mmchannels. According to them, such behavior
was due to the loss of subcooling due to vapor–liquid mixing promoted by the cyclic
backward vapor flow in their tests.
According to Maulbetsch and Griffith [23], microscale convective boiling in the

presence of elongated bubbles (slug flow) favors the onset of critical heat flux more
than annular and bubbly flows. Qu and Mudawar [34], according to their results
under saturated conditions, suggested that annular flow favors the onset of critical
heat flux. In recent single-channel tests with two refrigerants, Wojtan et al. [38]
observed saturated CHF only for annular flows. For subcooled conditions, Sarna
et al. [40] highlighted the fact that the velocity of the lighter phase may lead to total
entrainment of the liquid from the annular film, favoring lower critical heat fluxes
(this would mean that entrainment in that case becomes the triggering mechanism
rather than liquid film dryout).
Recently, Revellin and Thome [41] developed a theoretical model for the prediction

of the critical heat flux under saturated, stable conditions in uniformly heated, round
microchannels. It is based on predicting the local dryout of the liquid film in annular
flow occurring when the film thickness becomes equal to the interfacial wave height
during evaporation. The model is based on the conservation of mass, momentum
and energy, the Laplace–Young equation and a semi-empirical expression for the
height of the interfacial waves. Validation was carried out by comparing the model,
composed of a numerical solution of a non-linear system of five differential
equations, with a database including three different refrigerants (R-134a, R-245fa
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andR-113) from two different laboratories. They also found they could predict data in
rectangular channels using the channelwidth as the characteristic dimension in their
one-dimensional model.
Zhang et al. [42] performed high-speed video imaging of CHF for high subcooled

FC-72 flowing in a rectangular channel 2.5mm (width)� 5mm (height) made of
transparent polycarbonate plastic and heated by a thick-film resistor in contact with
a copper surface on its bottom. Figure 3.6 depicts one sequence of events that they
recorded. As pointed out by the authors, it can be seen that the majority of vapor
remains close to the wall even in the proximity of the CHF. Additionally, it is
revealed that bubbles first slide along the heated wall, coalescingwith other bubbles
to form vapor patches which propagate along the wall, and the closer the process
gets to CHF, the larger and closer the vapor patches are. Only before CHF did the
vapor patches become an almost continuous vapor layer that permits liquid contact
with the heated wall only in wet regions between the vapor patches. At CHF, these
wetted regions are extinguished as the vapor layer prevents any further liquid
contact.

3.7
Two-phase Flow Instabilities

Two-phase flows oscillations induced by the flow boiling process are of interest to
designers of macroscale thermal systems and equipment, such as thermosyphon
reboilers, steam generators, evaporators in the refrigeration industry and chemical

Figure 3.6 Sequential pictures separated by 0.001 s of vapor layer
at different heat fluxes leading to CHF for FC-72,
_m �850 kgm�2 s�1 and DTsub,o¼ 40 �C, according to Zhang
et al. [42].
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reactors. Veziroglu and Kakac [43] outlined the following reasons for which such
oscillations should be avoided:

. They may cause problems in the system controls.

. Theymay cause thermal fatigue of the heat exchanger due to continuous cycling of
the wall temperature.

. They may cause thermal fatigue due to the movement of the dryout boundary.

These oscillations are also observed in microscale evaporators with addition of the
fact that in microscale cooling systems the flow boiling pressure drop in the heat
exchanger is themain restriction to the flow andmay reach values up to 3 bar for only
a few centimeters of evaporating length. Taking into account that in some applica-
tions the absolute pressure of the working fluid may be in a range of only some few
bar, pressure variations in the evaporator (as those promoted by the effects of
instabilities) can create substantial backflow which may propagate along all the
system.
Effects of instabilities on flow boiling have been reported based on heat transfer

coefficient and pressure drop gradient measurements and on flow visualizations.
Figure 3.7, from Consolini et al. [44], presents some preliminary results of outer wall
temperature measurements for flow boiling of R-134a in a 0.8mm circular channel

Figure 3.7 Outer wall temperature fluctuations for flow boiling
of R-134a in a single 0.8mm circular channel according to
Consolini et al. [44]. Heat flux, 140 kWm�2; mass velocity,
300 kgm�2 s�1; saturation temperature, 31 �C.
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electrically heated by DC current, which were obtained using an infrared camera
(900 images per second). The temperature is shown to exhibit cyclical variations at a
frequency of about 9Hz andwith an amplitude up to 10 �C,which are possibly related
to this type of boiling process.
For medium to high heat fluxes, based on visualization of flow boiling in multi-

microchannel evaporators, some authors [34, 45–47] have reported a phenomenon
named by some as �explosive boiling� andmore properly referred as a two-phaseflow
instability, that involvedmost if not all the channel length. Based on the reports in the
literature, Consolini et al. [44] schematically described this phenomenon as a periodic
development containing five distinct stages: (1) single-phase liquid filling of the
channel, (2) bubble nucleation occurring in the channel, (3) rapid growth and
coalescence of bubbles at certain axial locations to form a vapor plug over almost
the entire cross-section (note that Kandlikar [48]mentions interface velocities as high
as 3.5m s�1), (4) a violent expansion of the vapor towards the channel inlet and outlet
and (5) evaporation of the quasi-static liquid film left at the channel wall after the
bubble expansion. Figure 3.8, from the study by Consolini et al. [44], shows a
schematic representation of the process. The periodic nature of this process and
the development of substantial dry zones may explain the wall temperature oscilla-
tions as shown in Figure 3.7. Hence this illustrates the need to design microeva-
porators appropriately to avoid these flow and temperature fluctuations.
The physical mechanism behind these flow instabilities is not yet entirely under-

stood. However, they may be associated with the high superheating of the liquid
conjugated to a flashing effect promoted by the high pressure drops observed in
microscale channels. Downstream of the onset of nucleate boiling (ONB), the
pressure along the channel reduces drastically due to the presence of vapor bubbles
at the wall, with the liquid temperature remaining substantially high. The vapor

Figure 3.8 Schematic representation of explosive boiling in small
channels, according to Consolini et al. [44].
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bubbles downstream of the ONB may thus find themselves surrounded by a highly
superheated liquid which promotes intensive evaporation and, consequently, rapid
bubble growth rates. It should be mentioned that the direction in which the bubble
may grow inmicroscale channels is restricted by the confinement of the channel and
thus occurs only along the channel length. This confinement is another factor
favoring the link between the flow and the rapid bubble growth process.
As in traditional nucleate boiling theory, the liquid superheating required to start

nucleation is also related to the degree of surface roughness, i.e. smoother channels
will exhibit higher liquid superheating, thus increasing the likeliness of a violent
boiling process. Consequently, either the improvement of the surface roughness or
the creation of artificial cavities on the surface as suggested by Kandlikar [49] may
decrease liquid superheating necessary to the onset of boiling, smoothing the bubble
expansion. The expansion towards the inlet is favored by the presence of a com-
pressible volume, such as vapor in the header of amultiple channel system, upstream
of the boiling location [28].
Bergles and Kandlikar [28] described this phenomenon as compressible volume

instability and observed that its occurrence coincides with a minimum in the
�demand� curve on the pressure drop versus flow rate diagram. Brutin et al. [50]
reported a stability diagram for their experiments on n-pentane flowing in a single
rectangular channel with hydraulic diameter dh¼ 889mm. From their flow visualiza-
tions, they observed explosive boiling and associated it with significant oscillations in
pressure drop (with frequencies of about 4Hz). Using the onset of these fluctuations
as a threshold between a stable and an unstable flow, Brutin et al. presented stability
transition lines in terms of heat flux and mass flow rate.
In single microscale channels, explosive boiling may be also associated with

premature CHF, since the evaporating liquid film left by the expanding bubble may
not be replenished by incoming liquid before the wall becomes dry.
Throttling the inlet of a multi-channel heat sink will localize within the evapora-

tor the effect of these instabilities. Additionally, if the heat sink hasmultiple parallel
channels connected by a header, the flow may interact in such a way that the liquid
expelled fromone channel willflow into one ormore of its neighbors. Throttling the
entrance to each individual channel was implemented by Agostini et al. [39] by
clever interfacing of the inlet header and themicrochannels in their construction to
form rectangular orifices that are the width of the channel and the width of
the header. Such inlet restrictions, as suggested by Consolini et al. [44] and
Kandlikar [49], create a resistance to backflow of vapor, separating the flow from
any compressible volume present in the header. In this case, the flow will have a
much wider operating range in which it is very stable, but for some conditions the
instabilitymay still occur, tending to develop towards the exit of the channel. Thome
et al. [15] suggested that although adding an orifice increases the inlet pressure drop
and thus pumping power consumption, it is possible to work stably at lower flow
rates that achieve higher CHF values from the resulting more uniform flow
distribution compared with operation without inlet control, and hence lower
microevaporator operating pressure drops are feasible for a more energy-efficient
cooling system. Furthermore, in the tests of Agostini and co-workers [20, 21, 39]
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mentioned above, the inlet orifices were also used to create cavitation in the
incoming subcooled liquid flow, forming a stream of vapor bubbles right at the
entrance of each channel that then grew and hence completely avoided
the necessity for the onset of nucleate boiling on the heated surface and thus
eliminating its associated temperature overshoot.
Recently, instead of parallel channels, new multi-channel heat sink configura-

tions aiming at combating these instabilities have been under study. Cognata
et al. [51] performed experiments using a multi-channel heat sink machined in
silicon consisting of 150 mm square fins separated by 50 mm square passages. The
fins were staggered and oriented 45� to the flow direction such that approximately
750 channel intersections occur within the volume of the heat exchanger. Cullion
et al. [52] performed experiments in a multi-channel structure having fractal-like
branching microscale channels. Both studies obtained initially promising results.
More recently, Kuo and Peles [53] performed flow boiling experiments in
200� 253 mm parallel microchannels with structured re-entrant cavities and flow
restrictions in the channel inlet. By using this heat-sink geometry, they observed
an increase in the nucleation activity, suppression of the flow oscillations and
enhancement of the critical heat flux.
Veziroglu and Kakac [43] performed a comprehensive study of two-phase flow

instabilities in single channels, covering theoretical and experimental aspects. They
performed experiments with R-11 for tube diameters down to 0.25 in. An earlier
study that should be highlighted was performed byMaulbetsch and Griffith [23] with
water. Both, although not covering microscale channels, are suggested here as
reference studies for those interested on this topic.

3.8
Prediction Methods

3.8.1
Frictional Pressure Drop

The two main approaches used to model frictional pressure gradients in macro- and
microscale two-phase gas–liquid flow are the �homogeneous� model and the
�separated� flow model. The homogeneous model is based on the assumption that
the two-phase fluid behaves as a pseudo single-phase fluid with pseudo-properties
that are weighted relative to the vapor and liquid flow fraction. Different ways to
define the pseudo-properties, usually called mixture properties, have been proposed
that are well detailed by Collier and Thome [54] and Thome [55].
The separated flowmodel (for more details, see Collier and Thome [54]) considers

that the phases are artificially segregated into two steams; one liquid and one vapor,
and has been continuously developed since 1949 when Lockhart and Martinelli [56]
published their classic paper on two-phase gas–liquid flow. The main goal in this
approach is to find an empirical correlation or simplified concept to relate the two-
phase frictionmultiplier,f2, to the independent variables of theflow. For example, the
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Lockhard andMartinelli approach as generalized byChisholmandLaird [57, 58] gives
an expression for f2 as follows:

f2 ¼ 1þ C
X

þ 1

X2 ð3:2Þ

where C depends on the flow regime (laminar or turbulent in each phase).
Recently, some correlations have been proposed based on the separated flowmodel

in order to predict pressure drops in microscale channels. Chen et al. [59] introduced
correction factors as functions of Bond and Weber numbers in the homogeneous
modeland theFriedel [60] correlation inorder tocapture theeffecton thepressuredrop
of changes in the relative influence of gravitational and surface tension forces as the
hydraulic diameter decreases. Themodified homogeneousmodel and Friedel correla-
tionpredictedaccurately theirwater-air andR-410Adataused in the regressionanalysis
for tubediameters from1 to9mmandalso the independentdataofHashizume [61] for
a tube diameter of 10mm. Tran et al. [62] also introduced confinement effects of a
bubble within a small channel on the frictional pressure drop by developing a new
correlation based on the Chisholm B-coefficient macroscale method [63], which was
extended to smaller channels by introducing the confinement number (inverse of the
square root of theBondnumber). Since the Friedel [60] correlationover-predicted their
pressure drop data in small channels, Zhang and Webb [64], assuming that the two-
phase multiplier f2L0 is a very weak function of the Weber and Froude numbers,
modified the Friedel correlation by neglecting these dimensionless groups and used
the reduced pressure to replace the non-dimensional groups of density and viscosity
ratios in theassociatedtermsintheFriedel correlation.Then,bya regressionanalysisof
their data for R-22, R-134a and R-404A, a new correlation for f2L0 as a function of the
reduced pressure and vapor qualitywas proposed. In contrast toZhang andWebb [64],
Kawahara et al. [65] obtained good predictions of their data for R-134a by directly using
the Friedel [60] correlation with most of data being predicted to within �30%.
Lazarek andBlack [67] obtained good predictions of their data by using a value of 30

in the generalized Chisholm/Lockhart–Martinelli correlation for C. Mishima and
Hibiki [66] obtained reasonably good predictions for their frictional pressure
drop data for air–water flows by correlating the Chrisholm C parameter in the
Lockhart–Martinelli correlation as a function of the tube diameter as follows:

C ¼ 21ð1�e0:319dÞ ð3:3Þ

where the diameter d is given in millimeters.
Based on their own experimental data, Yan and Lin [68] proposed an empirical

correlation to predict the two-phase friction factor. This correlation was further
corrected by Yan and Lin after Webb and Paek [69] had shown that the data and the
correlation by Yan and Lin [68] did not match. The corrected version is given as

f TP ¼ 0:127
_md
mL

ð1�xÞþ x
rL
rG

� �0:5
" #( )

ð3:4Þ
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Recently, Ribatski et al. [2] put together a broad pressure drop database for
microchannels, includingmore than 900 data points from independent laboratories,
and compared it against the following prediction methods, including macro- and
microscale ones: homogeneousmodel,Mishima andHibiki [66], Yan andLin [68, 69],
Tran et al. [62], Zhang andWebb [64], Lockhart andMartinelli [56], homogeneous and
Friedel [60]modifiedbyChen et al. [59], Friedel [60],M€uller-SteinhagenandHeck [70],
Gr€onnerud [71] and Chisholm [72]. In the case of the homogeneousmodel, values of
Dpf/L were calculated using three different definitions for the two-phase mixture
viscosity proposed byMcAdams et al. [73], Cicchitti et al. [74] andDukler et al. [75] and
the following definition for the two-phase mixture density:

1
rTP

¼ x
rG

þ 1�x
rL

ð3:5Þ

This comparison revealed that the best predictions were obtained by the macro-
scale method proposed by M€uller-Steinhagen and Heck [70]. The homogeneous
model using the Cicchitti et al. [74] viscosity definition and the method of Mishina
and Hibiki [66] were ranked together as the second best predictive methods.
Unfortunately, none of the present methods can be classified as a reliable design
tool for microscale channels since even the best one was able to capture only about
half of the data to within�30%. Better predictions by the homogeneousmodel using
the two-phasemixture viscosity proposed byCicchitti et al. [74] were also found by Lee
andMudawar [76] and by Agostini et al. [39] for R-236fa in amulti-microchannel heat
sink. Revellin and Thome [16] showed that the method of M€uller-Steinhagen and
Heck [70] worked best for their database, but only when the Reynolds number was
larger than 8000; below this value, no method was able to capture the trends shown
earlier in Figure 3.4.
Recently, Jassim and Newell [77] combined their probabilistic flow pattern predic-

tive method and flow pattern-based pressure drop predictive methods in order to
develop a uniquemicroscale pressure drop predictivemethod. Initially, theymodeled
the pressure drop individually according to the following flow regimes: liquid,
intermittent, annular and vapor flows. Then, the total pressure drop is given by
simply summing the time fraction of a flow regime multiplied by the pressure drop
obtained from the model for the respective flow regime. The method has apparently
not yet been tried against independent data.

3.8.2
Heat Transfer

Since the pioneering work of Lazarek and Black [67], published in 1982, various
strictly empirical correlations for microscale flow boiling heat transfer have been
proposed [68, 78, 79]. However, generally they are based on restricted databases,
which reduces their applicability only to experimental conditions similar to those
considered in their elaboration.
Recently, somemicroscaleheat transferflowboilingmodels and correlationshaving

a more general character have been proposed. Kandlikar and Balasubramanian [80]
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extendedtheflowboilingmacroscalecorrelationproposedbyKandlikar [81] tochannels
with diameters smaller than 3mmby taking into account flow conditions (laminar or
turbulent) in calculating the all-liquid heat transfer coefficient. In this modified
correlation, the Froude number was eliminated and the values for the empirical
constant characteristic of the fluid–surface material pair were kept the same as in the
previous version. However, it is important to highlight that values for this empirical
constant are available for a limitednumber offluid–surfacematerial pairs and that it is
based on thepremise that nucleate boiling is an important heat transfermechanism in
all flow regimes inmicrochannels, which was not proven by the authors and does not
seem to be the case, as discussed earlier.
Zhang et al. [82] proposed a microscale model for boiling heat transfer by

modifying the macroscale flow boiling correlation proposed by Chen [83] and hence
is also based on the same premise of nucleate boiling occurring in slug and annular
flows in microchannels for which no evidence was provided. In their approach, the
correlation by Foster and Zuber [84] was retained to predict the nucleate boiling heat
transfer component. The boiling suppression factor proposed by Chen was also
utilized. However, to determine the convective enhancement factor and the single-
phase heat transfer coefficient,flow conditions (laminar or turbulent) were taken into
account. This correlationwas compared against experimental data from the literature
for water, R-11, R-12 and R-113 and gave a mean deviation of 18.3%.
Thome et al. [85] proposed a model that describes the evaporation of elongated

bubbles (i.e. the slug flow pattern observed at low to medium vapor qualities), which
is detailedhere due to itsmechanistic approach. Theirmicroscale heat transfermodel
predicts the transient variation in local heat transfer coefficient during the cyclic
passage of (i) a liquid slug, tL, (ii) an evaporating elongated bubble, tfilm and (iii) a
vapor slug when present, tG, where tL, tfilm and tG are the residence times of each
mechanism in the cycle. A representation of themodel is shown in Figure 3.9, where
Lp is the total length of the pair or triplet, LL is the length of the liquid slug, LG is the
length of the bubble including the length of the vapor slug with a dry wall zone Ldry

Figure 3.9 Diagram illustrating a triplet comprisedof a liquid slug,
an elongated bubble and a vapor slug in the three-zone heat
transfer model [85].
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and Lfilm is the length of the liquidfilm trapped by the bubble. The internal radius and
diameter of the tube are R and d, respectively, and d0 and dmin are the thicknesses of
the liquid film trapped between the elongated bubble and the channel wall at its
formation and at dryout, respectively. A time-averaged local heat transfer coefficient,
a, during the period, t, of the cycle is obtained according to the following equation:

aðzÞ ¼ tL
t
aLðzÞþ tfilm

t
afilmðzÞþ tG

t
aGðzÞ ð3:6Þ

where aL and aG are the heat transfer coefficients of the liquid and vapor slugs,
respectively. They are calculated from their local Nusselt number using the Shah and
London correlation [86] for laminar flow and the Gnielinski correlation [87] for
transition and turbulent flow. The Churchill and Ugasi asymptotic method [88] was
used to obtain a continuous expression of the mean heat transfer coefficient as a
function of Reynolds number. The residence times in Equation (3.6) are determined
as follows:

tL ¼ t
1þðrL=rGÞðx=1�xÞ ð3:7aÞ

tG þ tfilm ¼ t
1þðrG=rLÞð1�x=xÞ ð3:7bÞ

t ¼ cqp
nq
r

q

� �nf

ð3:7cÞ

tdry filmðzÞ ¼ rLhGL
q

½d0ðzÞ�dmin	 ð3:7dÞ

where tdry film is themaximumduration of the existence of thefilm at position z and is
used to evaluated the presence of the vapor slug. If tG þ tfilm given by Equation (3.7b)
is greater than tdry film, local dryout occurs, i.e. the liquid film thickness achieves the
minimum feasible film thickness, dend(z)¼ dmin and tfilm¼ tdry film. However, if
tG þ tfilm < tdry film, then no dryout occurs since the next liquid slug arrives before the
film dryout. This implies that tG¼ 0 and the film thickness at the end of the
evaporating time is given by

dendðzÞ ¼ dðz; tfilmÞ ¼ d0ðzÞ�tfilm
q

rLhGL
ð3:8Þ

In a companion paper to [85], Dupont et al. [89] proposed the following values for
the set of experimental parameters in Equations (3.7), based on a large, diversified
database extracted from the literature: dmin¼ 0.3� 10�6m, cq¼ 3328Wm�2 K�1,
nq¼ –0.5 and nf¼ 1.74.
To simplify, they used the mean heat transfer coefficient in the film calculated by

using the average value of the film thickness [89] during tfilm according to

afilmðzÞ ¼ 2kL
d0ðzÞþ dend

ð3:9Þ
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To calculate the initial film thickness, the authors added an empirical correction
factor, Cd0, (equal to 0.29 in [89]) to an asymptotic expression that they created from
the two initial liquid film thickness prediction methods proposed by Moriyama and
Inoe [90], as follows:

d0
d
¼ Cd0

 ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mL

UpdrL
3

r !0:84��
0:07Bo0:41

	þ 0:1�8

�1=8 ð3:10Þ

where

Up ¼ _m
x
rG

þ 1�x
rL

� �

Bo ¼ rLd
s

U2
p

Up is the velocity of the pair (or triplet) liquid and vapor slug (homogeneous flow
assumption) and Bo is the Bond number.
The original set of experimental parameters (dmin, cq, nq, nf andCd0) were obtained

based on an experimental database including 1591 test data taken from seven
independent studies covering hydraulic diameters from 0.77 to 3.1mm, heat fluxes
from 9.8 to 178 kWm�2, mass velocities from 50 to 564 kgm�2 s�1, reduced
pressures from 0.036 to 0.78, vapor qualities up to 0.99 and for the following seven
fluids: R-11, R-12, R-113, R-123, R-134a, R-141b and CO2. This model predicted 70%
of its original database to within �30%.
Agostini and Thome [19], based on the flow patternmap presented by Revellin and

Thome [91] to segregate the elongated bubble heat transfer coefficients measure-
ments by Agostini [92], obtained new values for the empirical parameters initially
adjusted by Dupont et al. [89]. Based on the same flow patternmap, Ribatski et al. [18]
evaluated the use of the three-zonemodel to predict acetoneflowboiling heat transfer
data fromXuand co-workers [45, 93]. In their analysis, the bubble frequency variation
due to coalescewas investigated and the consequent decrease in the bubble frequency
with increasing the vapor quality. Agostini et al. [20, 21] found that the three-zone-
model predicted reasonably well their data for R-236fa andR-245fa in a parallelmulti-
microchannel evaporator, predicting more than 85% of the database within �30%
without adjust any empirical constant except for the minimum film thickness, for
which the value of 0.150mmof the average surface roughnessmeasuredwas adopted.
Reasonable predictions of their experimental results by using the three-zone model
and the original empirical values proposed by Dupont et al. [89] were also found by
Shiferaw et al. [94] for stainless-steel tubes with internal diameters of 4.26 and
2.01mm using R-134a as working fluid.
Ribatski et al. [2] presented a comparison between the microscale methods

proposed by Kandlikar and Balasubramanian [80] and Zhang et al. [82] and the
three-zonemethod by Thome et al. [85] against a broad database from the literature
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containing more than 2100 datapoints covering mass velocities from 100 to
800 kgm�2 s�1, reduced pressures from 0.03 to 0.77 and heat fluxes from 5 to
180 kWm�2. For comparative purposes, since it is commonly found in the litera-
ture being compared against macro- and microscale experimental results and to
evaluate the ability of macroscale methods to predict heat transfer coefficients in
microscale channels, the asymptotic type ofmacroscale correlation proposed by Liu
andWinterton [95] was included also in the above-mentioned comparison. Ribatski
et al. [2] found that, although some heat transfer trends were captured by the
methods, in general they poorly predicted the database. The three-zone model of
Thome et al. [85] and the methods proposed by Zhang et al. [82] and Liu and
Winterton [95] were ranked as the best and provided similar performances,
capturing only about 45% of the total database within an error band of �30%.
As pointed out by Ribatski et al. [2] and illustrated in Section 3.5, this is not
surprising since an analysis of the trends of the database revealed large discre-
pancies between different data sets, even under similar experimental conditions,
and hence none of the present methods could capture such contrasting trends. At
the present time, the three-zone model is that most widely tested (for about 12
fluids so far) and is typically extrapolated to bubbly and annular flow regimes,
where, however, it does not necessarily work as well. Work is now under way to
improve themodel and develop the associatedmethods for bubblyflow and annular
flow.

3.8.3
Critical Heat Flux

As the triggering process of CHF in flow boiling is very complex, CHF predictions
rely heavily on empirical correlations based on dimensionless numbers derived
from experimental CHF databases. These dimensionless numbers include para-
meters that influence the CHF values measured, such as mass velocity, subcooling
at the channel inlet, fluid properties, heated length and the diameter of the
channel. Due to differences in the apparent mechanisms, correlations are nor-
mally separately proposed for CHF under subcooled and under saturated condi-
tions. Most of these correlations were developed based on databases for water and
macroscale channels because the majority of studies on CHF focused mainly
on nuclear applications. Recently, this scenario has been changing because of
the necessity to dissipate high power densities in microprocessors and power
electronics and data for a wider variety of fluids are now appearing in the
literature.
In 2000, Hall and Mudawar [96], based on 5544 data points for water flowing in a

tube having a uniform axial heat flux, proposed the following correlation:

qcr
_mhLG

¼
0:0722

_md
rLs

� ��0:312 rL
rG

� ��0:644
1�0:9

rL
rG

� �
0:724

xi;�
� �

1þ 0:26
_md
rLs

� ��0:312 rL
rG

� �
0:08 L

d

� � ð3:11Þ
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where saturated thermophysical properties are evaluated at the pressure correspond-
ing to the CHF location (i.e. end of the heated length) and xi,� is given by (ht� hL,o)/
hLG,t.
Their database covered the following experimental conditions: tube diameters

from 0.25 to 15mm, tube length and diameter ratios from 2 to 200, mass velocities
from 300 to 30000 kgm�2 s�1, equilibrium thermodynamic vapor qualities at the test
section inlet from�2 to 0 and equilibrium thermodynamic vapor qualities at the test
section outlet from�1 to 0 (that is, always subcooled at the exit). Based on the broad
database used by these authors, which was also compared by Hall and Mudawar [96]
against other methods from the literature, revealing this as the best predictive
method, Equation (3.10) is suggestedhere as themost accuratemethod for predicting
water flow CHF in tubes having a uniform axial heat flux and diameters down to
0.25mm under subcooled conditions.
Qu and Mudawar [34], based on the Katto and Ohno [97] correlation (which was

based on data for diameters down to 1mm) and using their own saturated data for
water in a rectangular microchannel heat sink, and also data for R-113 in a circular
multi-microchannel heat sink from a previous study by Bowers and Mudawar [37],
obtained the following correlation for saturated CHF:

qcr
hLG _m

¼ 33:43
rG
rL

� �1:11 _m2L
rLs

� ��0:21
L
de

� ��0:36

ð3:12Þ

where de is given by four times the cross-sectional area of the channels divided by the
heated perimeter and the properties are evaluated at a pressure corresponding to the
saturated pressure at the test section outlet.
Based on their own data for R-134a and R-245fa in 0.5 and 0.8mm internal

diameter single microchannels, modifying the Katto and Ohno [97] correlation,
Wojtan et al. [38] proposed the following relation for the critical heat flux under
saturated conditions:

qcr ¼ 0:437
rG
rL

� �0:073 _m2L
rL

� ��0:24
L
d

� ��0:72

hLG _m ð3:13Þ

with the properties evaluated at the saturation temperature at the test section outlet.
Basedmainly on data for water from the literature coveringmacro- andmicroscale

channels, Sarma et al. [40], based on dimensional analysis, proposed the following
distinct correlations for the critical heat flux for subcooled and saturated conditions,
respectively:

qcrd
mLhLG

¼ 0:483
_md
mL

� �0:62 pd
mLhLG

� �0:17 d
L

� �0:5

ð3:14Þ
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Figure 3.10 Comparison between experimental CHF data by
Agostini et al. [39] and theWojtan et al. [38] correlation (a) and the
Revellin and Thome [41] prediction method (by Agostini
et al. [39]). MAE is the mean absolute error and MRE is the mean
relative error.
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In Equations (3.14) and (3.15), the fluid properties are evaluated at the inlet
temperature of the coolant and at the saturation temperature at the test section outlet,
respectively.
Zhang et al. [22] compared a database gathered from the literature for saturated and

subcooled CHF against CHF predictive methods from the literature. Their database
contains data only for water and covers hydraulic diameters from 0.33 to 6.22mm.
They found that the Hall and Mudawar [96] and Shah [98] predictive methods (both
based onmacro- andmicroscale data) provided the best predictions in the subcooled
and saturated flow boiling regions, respectively.Here, it is important to highlight that
the database used by Hall and Mudawar [96] included most of the studies used by
Zhang et al. [22], except for one study. Additionally, a non-dimensional correlation
was proposed by Zhang et al. [22] which was based on the application of the artificial
neural network to identify the dominant non-dimensional number for saturated
CHF. This correlation showed a total mean deviation of 16.8% and is given by

qcr
hLG _m

¼ 0:0352
_mdh
srL

þ 0:0119
L
dh

� �2:31 rG
rL

� �0:361
" #�0:295

� L
dh

� ��0:311

2:05
rG
rL

� �0:170

�xi

" #
ð3:16Þ

In this equation, the fluid properties are evaluated at the inlet condition.
By comparing their CHF results for R-236fa in a multi-microchannel heat sink

against results from saturated CHF correlations from the literature, Agostini
et al. [39] ranked the Wojtan et al. [38] method as the best, followed by the CHF
model of Revellin and Thome [41] with a marginal difference between them. Their
comparisons against these methods are shown if Figure 3.10.

Summary and Recommendations

Numerous topics on the subject of flow boiling in microchannels have been
addressed in this review: the macro-to-micro transition criteria, two-phase flow
patterns andmaps,flowboiling heat transfer, critical heatflux, two-phase instabilities
and two-phase frictional pressure drops. An overview of the prediction methods for
these parameters is also given.Overall, thisfield of heat transfer is developing rapidly.
New experimental results and prediction methods are being proposed in the
literature at an outstanding pace. Furthermore, many of the prediction methods
have not yet reached a status of being able to be called a reliable, general method.
Hence it is recommended that the end user of these methods in actual designs read
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the original papers to find out exactly what the conditions covered in the individual
databases were and also check to see if the methods were independently tested
against data from (or by) other laboratories or not.

List of Symbols

d internal diameter [m]
dh hydraulic diameter [m]
dth micro- to macroscale threshold diameter [5] [m]
Eo E€otv€os number [�]
f friction factor [�]
g gravitational acceleration [m s�1]
h enthalpy [J kg�1]
hLG enthalpy of vaporization [J kg�1]
j superficial velocity [m s�1]
k thermal conductivity [Wm�1 K�1]
L channel length [m]
_m mass velocity [kgm�2 s�1]
p pressure [Pa]
Dp pressure drop [Pa]
pr reduced pressure [�]
q heat flux [Wm�2]
R radius [m]
Re Reynolds number [�]
t time [s]
T temperature [K]
x equilibrium vapor quality [�]
X Lockhard-Martinelli parameter [�]
z position along the length [m]

Greek Letters

a heat transfer coefficient [Wm�2 K�1]
d film thickness [m]
f2 two-phase friction multiplier [�]
m dynamic viscosity [Pa s]
r density [kgm�3]
s surface tension [Nm�1]
t cycle period [s]

Subscripts

cr refers to the critical heat flux
f frictional
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G gas (vapor) phase
i inlet
L liquid phase
L0 total flow assumed liquid
M momentum
o outlet
s static
sat saturation
sub subcooled
TP two-phase mixture
w surface wall
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