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This study investigates the interfacial behavior and heat transfer mechanisms associated with flow boil-
ing of R-134a in a micro-channel test module. The test module features 100 of 1 � 1 mm2 square micro-
channels. Large length of micro-channels used (609.6 mm) is especially important to capturing broad
axial variations of both flow and heat transfer behavior. The fluid is supplied to the test module in sub-
cooled state to enable assessment of both the subcooled boiling and saturated boiling regions. The study
employs a combination of temperature measurements along the test module and high-speed video to
explore crucial details of the flow, including dominant flow regimes, flow instabilities, and downstream
dryout effects. It is shown that, unlike macro-channel flows, where flow regimes can be clearly demar-
cated, flow regimes in micro-channels are associated with transient fluctuations that are induced by flow
instabilities. The dominant flow behavior and associated dryout effects are characterized with the aid of a
new transient flow regime map and a dryout map, respectively. Two sub-regions of the subcooled boiling
region, partially developed boiling (PDB) and fully developed boiling (FDB), are examined relative to
dominant interfacial and heat transfer mechanisms, and a previous correlation is identified for accurate
prediction of the heat transfer coefficient for both PDB and FDB. The saturated boiling region is shown to
consist of three separate sub-regions: nucleate boiling dominated for qualities below 0.3, combined
nucleate and convective boiling for qualities between 0.3 and 0.5, and convective boiling dominated
for qualities above 0.5. Above 0.5, dryout effects begin to take effect, causing a gradual decline in the heat
transfer coefficient followed downstream by a more severe decline. A previous correlation is identified for
prediction of the heat transfer coefficient in the saturated boiling region.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Two-phase cooling potential and features of two-phase mini/
micro-channel cooling

Rapid escalation in heat dissipation in modern electronics and
power applications, coupled with a quest for smaller and more
lightweight packaging, has created a pressing need for more effec-
tive cooling solutions. Despite many innovative improvements to
both air and single-phase liquid cooling, these cooling schemes
have largely fallen short of maintaining acceptable device temper-
atures. These shortcomings have shifted interest among thermal
system designers to two-phase cooling schemes, which capitalize
on the coolant’s both sensible and latent heat to greatly
enhance cooling performance compared to single-phase cooling
schemes [1].

Over the past three decades, investigators at the Purdue Univer-
sity Boiling and Two-Phase Flow Laboratory (PU-BTPFL) and
several other researcher groups have examined a broad variety of
two-phase cooling solutions, the most basic of which are
capillary-driven devices (heat pipes, capillary pumped loops, and
loop heat pipes) [2–4] and pool boiling thermosyphons [5–7]. For
applications demanding more superior cooling performance, a
variety of pump-driven schemes have also been proposed,
including falling film [8,9], channel flow boiling [10,11],
mini/micro-channel flow boiling [12–15], jet-impingement
[16–19], and spray [20–26].

Of the different two-phase cooling schemes, those employing
mini/micro-channel cooling have received particular attention
because of a number of thermal and system attributes. Their key
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Nomenclature

Abase total base area of heat sink
Bo boiling number, Bo ¼ ðq00H=GhfgÞ
C empirical coefficient
cp specific heat at constant pressure
Db bubble detachment diameter
Dh hydraulic diameter
G mass velocity
g gravitational acceleration
Gc critical mass velocity
h enthalpy; heat transfer coefficient
�h average heat transfer coefficient
Hch micro-channel height
hfg latent heat of vaporization
hsub enthalpy of subcooling, hsub = hsat � h
Htc distance between thermocouple and bottom wall of

micro-channel
j superficial velocity
Ja⁄ modified Jakob number, Ja� ¼ cp;fDTsub;in=hfg
jg,cor superficial velocity of vapor corrected relative to air
k thermal conductivity
ks thermal conductivity of solid
Lch micro-channel length
Lsp length of single-phase region
m fin parameter; empirical exponent
_m total mass flow rate of heat sink
MAE mean absolute error (%)
n empirical exponent
Nu Nusselt number
Npch phase change number
Nsub subcooling number
p pressure
Pr Prandtl number
q00 heat flux
q⁄ dimensionless heat flux
qB00 heat flux based on total base area of heat sink
qH00 heat flux based on heated area of micro-channel
Re Reynolds number
Su Suratman number
T temperature
t time
Tb,f bulk liquid temperature
Tw micro-channel wall temperature
Tw,b bottom wall temperature of micro-channel
v specific volume
Vb bulk fluid velocity
vfg specific volume difference between vapor and liquid
Wch micro-channel width
We Weber number

We⁄ modified Weber number
Ww half-width of copper sidewall separating micro-

channels
x vapor quality
xe thermodynamic equilibrium quality
Xtt turbulent-turbulent Lockhart-Martinelli parameter
z axial coordinate

Greek symbols
a void fraction
b channel aspect ratio
g fin efficiency
h percentage predicted within ±30%
l dynamic viscosity
m kinematic viscosity
n percentage predicted within ±50%
q density
r surface tension
w dimensionless heat transfer rate
w0 dimensionless heat transfer rate corresponding to xe = 0

Subscripts
3 three-sided heating
4 four-sided heating
avg average
b bottom of micro-channel
cor correlation for uniform circumferential (circular or four-

sided) heating
devel developing flow
exp experimental
f liquid
g vapor
in micro-channel inlet
k liquid (f) or vapor (g)
lam laminar flow
max maximum
out micro-channel outlet
pred predicted
sat saturation
sc subcooled boiling
sp single phase
sub subcooling
tc thermocouple
turb turbulent flow
w micro-channel wall
z local properties along axial direction
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thermal advantage is the ability to dissipate fairly high heat fluxes
while maintaining relatively low device temperatures [27]. They
are also very compact and lightweight, and require low flow rates
and minimal coolant inventory. Other lesser known advantages are
their versatility, including adaptability to pump-free loops [28,29],
and flexibility of incorporation into hybrid cooling modules that
combine the merits of mini/micro-channel flow boiling with those
of jet impingement [30–32].

However, two-phase mini/micro-channel heat sinks also pose
several challenges. Most of these challenges are associated with
the use of small hydraulic diameter to enhance the two-phase heat
transfer coefficient. For a given coolant flow rate, small hydraulic
diameters are generally associated with high pressure drop. This
may lead to appreciable compressibility, which results from large
variations in specific volumes of the vapor and liquid with axially
decreasing pressure. Another concern is increased flashing, which
is the result of large variations in enthalpies of the vapor and liquid
with axially decreasing pressure. For high mass velocities, the com-
bined effects of compressibility and flashing increase the likelihood
of two-phase choking, which is reflected in the following relation
for critical mass velocity corresponding to a two-phase Mach num-
ber equal to unity [33].

Gc ¼ � x
dmg
dp

þ ð1� xÞdmf
dp

� mfg
hfg

dhf

dp
þ x

dhfg

dp

� �� �� ��0:5

: ð1Þ

These concerns were first addressed by Bowers and Mudawar
[34], who compared cooling performances of two heat sinks, one
featuring 2.5-mm mini-channels and the other 0.51-mm micro-
channels, using R-113 as working fluid. They showed that, while
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both heat sinks produced fairly similar cooling performances, the
micro-channel heat sink showed significantly higher pressure
drop, resulting in appreciable compressibility and flashing, and
high two-phase Mach number. Another concern with micro-
channel heat sinks is occurrence of various forms of two-phase
instabilities, including density-wave oscillations, parallel-channel
instability, and severe pressure-drop oscillation [15,35]. And, while
the latter, most severe instability, can be eliminated by throttling
the flow upstream of the heat sink, density-wave oscillations and
parallel-channel instabilities cannot be fully eliminated, but can
be tolerated for most operating conditions.

1.2. Importance of two-phase micro-channel cooling to thermal
management of space vehicles and planetary habitat, and need for
large length-to-diameter micro-channel heat sinks

Following the Apollo manned missions to the Moon in the
1960s and 1970s, interest gradually shifted to manned missions
to Mars and asteroids, and development of Martian habitat. These
missions pose significant new design challenges resulting from
greatly increased mission scope, complexity, and duration. These
challenges are also reflected in unprecedented increases in both
power requirements and heat dissipation demands.

A key research need that is crucial to future space missions is
reducing the mass and volume of all future space vehicle subsys-
tems. The present study concerns the Thermal Control System
(TCS), which is tasked with controlling the temperature and
humidity of the operating environment inside the space vehicle.
Unlike single-phase liquid TCS technologies that rely exclusively
on sensible heat rise of the working fluid to remove the heat from
both avionics and crew, it is widely acknowledged that two-phase
evaporators can greatly decrease TCS mass and volume with their
ability to achieve orders of magnitude enhancement in heat trans-
fer performance [36–42]. Among the various TCS evaporator
designs being considered, micro-channel heat sinks are a prime
contender, given their unusually large ratio of heat dissipation to
TCS mass [43,44]. Implementing two-phase heat sinks in future
space missions is a key motivation for the present study.

It is important to emphasize that, unlike the miniature two-
phase heat sinks widely employed in the electronics industry,
two-phase evaporators for future space systems are expected to
require channels with comparatively large length-to-diameter
ratio, and multiple parallel channels. Two important applications
of micro-channel evaporators onboard space vehicles are ‘cold
plates’ that are used to cool the avionics, and evaporators used to
remove metabolic heat dissipated by the crew.

The vast majority of prior large length-to-diameter two-phase
micro-channel studies have been focused on single channels [45–
50]. This type of channel features appreciable axial variations in
flow pattern, in many instances encountering the full range of pat-
terns, namely bubbly, slug, churn, and annular, as well as different
heat transfer mechanisms.

1.3. Subcooled flow boiling (xe < 0)

Cooling of electronic and power devices is typically achieved by
supplying the coolant to the micro-channels in subcooled state.
This strategy allows the thermal management system to capitalize
upon the coolant’s both sensible and latent heat, as well as delay
critical heat flux (CHF) occurrence. Subcooled flow boiling is gener-
ally associated with appreciable thermal non-equilibrium across
the flow area in terms of both fluid temperature and void fraction,
and consists of two distinct sub-regions: partially developed boiling
(PDB) and fully developed boiling (FDB). Fig. 1 shows the upstream
PDB region is initiated with a finite, albeit small increase in void
fraction from zero value initiated at the onset of nucleate boiling
(ONB). The lack of any significant increase in void fraction is the
result of appreciable condensation within the PDB region. Entering
the FDB region, comparatively weaker condensation in the now
warmer bulk fluid allows the void fraction to begin increasing
more rapidly along the channel. Superimposed in Fig. 1 is the axial
variation of void fraction predicted according to the Homogeneous
Equilibrium Model (HEM), starting with zero value corresponding
to xe = 0, the transition point between the subcooled boiling and
saturated boiling regions. Notice how lack of thermodynamic equi-
librium causes the void fraction to begin increasing upstream of
the xe = 0 location, however, the actual void fraction variation
tends to merge downstreamwith the variation predicted according
to HEM.

Predictions of the wall temperature and heat flux corresponding
to ONB have been investigated analytically by several investigators
[51–54]. In an early treatment, Hsu and Graham [51] proposed a
theoretical model that compared the superheat required to grow
a bubble beyond the mouth of a surface cavity to the amount of
superheat actually available in the near-wall liquid boundary layer.
This model showed cavities of a radius that is dictated by tangency
between required and available superheat curves are the first to
nucleate; this model showed good agreement with Hsu and Gra-
ham’s own experimental data [52]. One disadvantage of this model
is that it is not intended for low contact angle fluids. Also, use of a
linear temperature profile in the near-wall liquid layer may not be
applicable to all flow boiling situations. Sato and Matsumura [53]
developed an analytic model that does not use contact angle or
thermal layer thickness information. Davies and Anderson [54]
modified an earlier analytical model by Bergles and Rohsenow
[55] to account for contact angle and cavity size, which are dictated
by working fluid and surface finish.

While Sato and Matsumura’s correlation has been widely used
to predict ONB in macro-channels, Qu and Mudawar [56] proved
experimentally that ONB in micro-channels is fundamentally dif-
ferent from that in macro-channels. They formulated a theoretical
model that included both mechanical and thermal criteria for
bubble growth and removal, which showed excellent agreement
with their experimental data. Peng and Wang analyzed nucleation
in micro-channels by using thermodynamic phase stability theory
and theoretically predicted ONB in micro-channels [57],
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concluding that both heat flux and wall temperature correspond-
ing to ONB are greater for micro-channels than for macro-
channels. A later study by Martin-Callizo et al. [58] also showed
experimentally that the wall superheat corresponding to ONB is
higher for a micro-channel than a macro-channel.

Transition from PDB to FDB in subcooled flow boiling in macro-
channels has been examined by several investigators [55,59–62].
Bowring [60] noted that wall heat flux in the PDB region can be
expressed as the sum of single-phase convection and nucleate boil-
ing portions. They suggested the transition point between PDB and
FDB occurs at the point of intersection between the single-phase
and fully-developed boiling curves. Shah [61] used three dimen-
sionless parameters (boiling number in addition to heat flux and
subcooling parameters) to successfully predict his own data for dif-
ferent fluids.

Studies have also been performed to investigate heat transfer
performance within the subcooled boiling region in micro-
channels. Martin-Callizo et al. [58] examined subcooled flow boil-
ing of R134a in vertical micro-channels and showed that higher
inlet subcooling and smaller diameter increase the boiling heat
transfer coefficient. Lee and Mudawar [14,15,63] showed that very
high inlet subcooling (up to 93.59 �C) greatly enhances cooling per-
formance for HFE7100 in micro-channels.

1.4. Saturated flow boiling (xe > 0)

Recent micro-channel studies [46,47,64,65] suggest that heat
transfer in the saturated flow boiling region can be categorized into
two fundamentally different mechanisms: nucleate boiling and con-
vective boiling, which are dominant in low and high quality regions
of the channel, respectively. The nucleate boiling region is associ-
ated with high heat transfer coefficients and dominated by strong
isolated bubble nucleation effects. However, the heat transfer coef-
ficient begins to decrease as significant bubble coalescence begins
to take effect. The nucleate boiling mechanism is encountered
mostly in the bubbly and slug flow regions of the channel. The con-
vective boiling region is associated with heat transfer across the
liquid film in the annular flow region of the channel.

Saturated flow boiling experiments in a single long micro-
channel have been conducted using a variety of fluids and channel
geometries [45–48,66]. These studies showed the nucleate boiling
mechanism is dominant for xe � 0.4, where the heat transfer coef-
ficient depends mostly on the heat flux, independent of mass
velocity. On the other hand, the convective boiling mechanism is
dominant for xe � 0.5, where the heat transfer coefficient is influ-
enced mostly by mass velocity and quality, independent of heat
flux. The same studies suggest both mechanisms can occur concur-
rently for 0.3 � xe � 0.6.

Similar heat transfer coefficient trends have been observed in
multi-channel heat sinks [67–70]. However, flow in multi-
channel heat sinks is complicated by a variety of two-phase insta-
bilities [64,65,71], some inducing vapor backflow to the inlet ple-
num [14,65,72,73], and intermittent dryout [64,65,73].

It is important to note that most published micro-channel stud-
ies concern short channels [67,68,70,74,75], which preclude the
ability to capture detailed axial variations of two-phase flow
regimes, dominant heat transfer mechanisms, flow instabilities,
and dryout effects.

1.5. Objectives of study

The present study is part of a series of joint investigations
between the Purdue University Boiling and Two-Phase Flow Labo-
ratory (PU-BTPFL) and the NASA Glenn Research Center (GRC)
whose ultimate goal is to develop two-phase thermal management
design tools for future space vehicles.
Investigated in this study are two-phase heat transfer charac-
teristics of a large length-to-diameter ratio multi micro-channel
heat sink using a pumped two-phase loop. The long micro-
channels in the heat sink enable detailed capture of axial variations
of flow patterns and heat transfer coefficient, as well as both insta-
bility and dryout mechanisms, using both heat transfer measure-
ments and high speed video motion analysis.
2. Experimental methods

2.1. Two-phase flow loop

Fig. 2(a) shows a schematic diagram of the R-134a two-phase
flow loop that is used in the present study to regulate the coolant’s
operating conditions at the inlet to a large length-to-diameter ratio
multi micro-channel test module. The fluid is circulated through
the loop with the aid of a gear pump unit, composed of Micropump
head and AC motor, and the flow rate measured downstream of the
pump by a turbine flow meter. The coolant then passes through a
throttling valve before entering the test module. The throttling
valve plays the dual role of regulating pressure and flow rate,
and preventing large pressure drop oscillations across the test
module. The two-phase mixture exiting the test module is passed
through an air-cooled condenser to bring the fluid to liquid state. A
constant pressure junction in the flow loop is maintained down-
stream of the condenser with the aid of reservoir fitted with both
a modular cooler and a PID-controlled heater. To achieve subcooled
conditions at the inlet to the test module, the flow downstream of
the constant pressure junction is routed through a plate-type heat
exchanger that is connected to another modular subcooler. The
subcooler also serves the purpose of preventing any cavitation in
the gear pump. Fig. 2(b) shows images of the entire test facility,
condenser, control console, and test module.

2.2. Micro-channel test module

The main component of the test module is a copper heat sink
having a 609.6-mm long by 203.2-mm wide base area, and whose
surface contains 100 of 1 � 1 mm2 micro-channels. A recent paper
by the present authors investigated different length-to-diameter
ratio heat sinks from prior studies [73]. A general category of
micro-channel heat sinks designated as having ‘large’ length-to-
diameter ratio featured different flow patterns (bubbly to annular)
and heat transfer mechanisms (nucleate to convective) concur-
rently along the axial direction. This categorization is achieved in
the present study with L/d = 609.6. However, more comprehensive
investigation of heat sink L/d ratio is warranted to arrive at a more
systematic categorization into ‘small’, ‘medium’ and ‘large’ length-
to-diameter ratio channels.

As shown in Fig. 3(b), the different layers of the test module are
pressed together with the aid of a stainless steel support brace
plate and a series of aluminum support bars atop, and another ser-
ies of aluminum support bars below.

Further details concerning flow loop operation and test module
construction are available in earlier studies by the authors [73,76].

2.3. Instrumentation and measurement accuracy

Video capture of the boiling flow is made possible through the
test module’s transparent cover plate with the aid of a Photron
Ultima APX high-speed camera fitted with 105-mm Nikkor lens,
with lighting provided by a fiber optic source. While the video
camera is capable of shutter speeds as high as 1/200,000 s, good
resolution and a reasonably wide field of view are achieved with
a shutter speed of 1/8000 s.
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Aside from temperature measurements in the inlet and outlet,
temperatures are also measured by a series of type-E thermocou-
ples inserted at 10 axial locations along the centerline of the
copper heat sink as indicated in Table 1. The heat sink thermocou-
ples are calibrated over a range from �22.5 to 80 �C in a
temperature-controlled thermal bath having a temperature set
point accuracy of 0.01 �C. The calibrations are performed against
a platinum resistance thermometer having an accuracy of
±0.03 �C. To ensure temperature uniformity, the tips of the thermo-
couples and thermometer are placed in the bath next to each other
and the steady state calibration repeated every 2.5 �C bath temper-
ature increments. Distilled water is used as bath fluid above 7.5 �C
and replaced at lower temperatures by 50%-volume ethylene
glycol-water mixture to prevent frost formation. Temperature
readings of the thermometer and thermocouple are correlated
against one another by a least squares scheme using fourth-order
polynomial curve fits. Overall, this calibration resulted in a
maximum thermocouple error of ±0.1 �C.

Pressure is measured at the inlet and outlet of the micro-
channel test module by a combination of two Omega-MMA
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absolute pressure transducers and a Honeywell-THE differential
pressure transducer. Volumetric flow rate is measured by a Flow
Technology FTO-series turbine flow meter. A Yokogawa WT310
Table 1
Micro-channel heat sink dimensions.

Length
[mm]

Width
[mm]

Number of
channels

Axial locations of thermocouples [mm]

609.6 203.2 100 44.2, 102.1, 160.0, 217.9, 275.8, 333.8,
391.7, 434.3, 507.5, 565.4
power meter is used to measure the voltage, current, and power
input to the test module’s thick-film heaters.

An FET multiplexer is used to collect signals from the thermo-
couples, pressure transducers, flowmeter, and power meter, which
are processed by the data acquisition system. Maximum errors in
the measurements of absolute pressure, differential pressure, tem-
perature, mass flow rate, and heat input are estimated at ±0.1%,
±0.1%, ±0.1 �C, ±0.12%, and ±0.3%, respectively. Using the root
sum square method, the uncertainty propagated in calculation of
the heat transfer coefficient, pressure drop, and vapor quality
increment are estimated at <13.46%, 0.1%, 0.16%, respectively.
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2.4. Operating conditions

The test module’s inlet quality, xe,in, is determined from the
relation

xe;in ¼ hin � hf

hfg
¼ � cp;f ðTsat � TinÞ

hfg
; ð2Þ

where cp,f, Tsat, and hfg are based on saturation pressure measured at
the module’s inlet, and Tin is the measured inlet temperature. The
outlet quality is determined by applying an energy balance to the
entire module,

xe;out ¼ xe;in þ ðq00
B AbaseÞ= _mhfg ; ð3Þ

where qB00 is the heat flux based on the 609.6-mm long by 203.2-
mm wide surface area, Abase, of the heat sink, and _m the total flow
rate of R134a.

Ranges of key parameters of the study are as follows: mass
velocity of G = 75.92–208.79 kg/m2 s, test module’s inlet pressure
of pin = 688.3–731.3 kPa, heat sink’s base heat flux of qB00 = 3990–
28,209 W/m2, inlet quality of xe,in = �0.041 to �0.022, and outlet
quality of xe,out = 0.096–0.956.

2.5. Determination of heat transfer coefficient

Fig. 3(c) shows a unit cell of the heat sink consisting of a single
micro-channel and half thicknesses of the copper sidewalls. The
two-phase heat transfer coefficient is determined by equating heat
input from the underside of the copper heat sink to convection
along the channel’s bottom and sidewalls, and treating the side-
walls as adiabatic tip fins with fin efficiency g.

h ¼ q00
BðWch þ 2WwÞ

ðTw;b � TsatÞðWch þ 2 g HchÞ ; ð4Þ

where g ¼ tanhðmHchÞ=ðmHchÞ and m ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h=ðksWwÞ

p
[67].

The micro-channel’s bottom wall temperature, Tw,b, in Eq. (4) is
calculated by assuming one-dimensional heat conduction between
the planes of the thermocouple and micro-channel’s bottom wall,
Tw;b ¼ Ttc � q00

B Htc=ks, where Htc and ks are the distance between
the thermocouple junction and micro-channel’s bottom wall and
thermal conductivity of copper, respectively. The fluid saturation
temperature, Tsat, in Eq. (4) is based on local saturation pressure
calculated by linear interpolation between the test module’s inlet
and outlet pressures.

3. Experimental results

3.1. Subcooled flow boiling region (xe < 0)
(b)

Flow

qB

Fully developed boiling (FDB) region

Fig. 4. Schematics of bubble behavior in subcooled boiling: (a) partially developed
boiling (PDB) region and (b) fully developed boiling (FDB) region.
3.1.1. Transition from partially developed boiling (PDB) to fully
developed boiling (FDB)

Bubble nucleation in forced convection is initiated when the
wall temperature exceeds the temperature corresponding to the
onset of nucleate boiling (ONB), Tw > Tw,ONB. ONB is initiated from
cavities having a particular size corresponding to tangency
between two temperature curves, the first corresponding to the
temperature ‘required’ to ensure sufficient superheat, and the sec-
ond the superheat ‘available’ in the liquid boundary layer adjacent
to the wall [51]. Additional bubbles are generated in the axial
direction as the gradual increase in available wall superheat spurs
nucleation over a broader spectrum of cavity sizes. The partially
developed boiling (PDB) region (also referred to as ‘highly sub-
cooled boiling region’) is initiated at ONB, and is accompanied by
a noticeable drop in wall temperature resulting from an abrupt
increase in the heat transfer coefficient. After this localized
temperature drop, both the bulk fluid temperature and wall tem-
perature increase gradually until the flow enters the fully devel-
oped boiling (FDB) region.

Schematics in Fig. 4(a) and (b) depict bubble behavior in the
PDB and FDB regions, respectively. In the PDB region, bubbles are
generated only at preferred cavities (corresponding to the tan-
gency criterion) and maintain their size while sliding along the
wall. The limited bubble growth is the result of evaporation and
condensation at the bubble interface fairly balancing one another
in this region. There is also additional single-phase liquid convec-
tion occurring along the surface between the sliding bubbles. In
the FDB region, Fig. 4(b), more bubbles are generated from a
broader range of cavity sizes, resulting in more bubble detachment
as well as coalescence. Here, single-phase liquid convection is less
consequential, because of both the diminishing surface area avail-
able for liquid-wall contact, and heat transfer enhancement result-
ing from the more vigorous boiling process. This is the reason the
upstream edge of the FDB region is the location where the wall
temperature is governed by the heat flux relation
q00
H ¼ CDTn

sat ¼ CðTw;b � TsatÞn, similar to pool boiling [55,60,77].
Shown in Fig. 5(a) and (b) for G = 170.83 kg/m2 s are

series of high speed images captured in the PDB region for
qB00 = 8073 W/m2 s, and FDB region for qB00 = 12,109 W/m2 s,
respectively. These images were captured using a shutter speed
of 0.125 ms (1/8000 s), but only one of every 50 frames (i.e., with
a time interval of 6.25 ms) is shown in each series.

In the PDB region, Fig. 5(a), very small bubbles are generated
along the bottom walls of the micro-channels, and preserve their
size as they slide along because of the strong condensation effects
provided by the highly subcooled bulk flow. These small bubbles
remain attached to the bottom wall, and are able to detach only
when they grow large enough to allow buoyancy to overcome the
surface tension force, which is reflected by the relation for bubble

detachment diameter Db ’
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r=fgðqf � qgÞg

q
[78,79]. Bubbles
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Fig. 5. Flow images centered at z = 44.2 mm for G = 170.83 kg/m2 s: (a) partially developed boiling (PDB), and (b) fully developed boiling (FDB). The time interval between
individual images in each sequence is 6.25 ms.
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generated along the sidewalls appear to remain attached longer
because buoyancy is less effective at causing detachment along
thesewalls. However, larger bubbles are formed along the sidewalls
by coalescence of nearby smaller bubbles, and these larger bubbles
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Fig. 6. Images centered at z = 44.2 mm capturing subcooled flow bo
sometimes engulf smaller bubbles still attached to the bottomwall.
The newly formed larger bubbles are then sheared off the heated
walls and brought into the highly subcooled liquid bulk flow, where
they get smaller because of the strong condensation effects.
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(b)

Fig. 7. Transition between partially developed boiling (PDB) and fully developed
boiling (FDB) regions compared to Shah’s [61] predictions: (a) ratio of dimension-
less heat transfer rate, w/w0, versus DTsub/DTsat, and (b) DTsub/DTsat versus boiling
number, Bo.
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Both the wall and bulk fluid temperatures increase as the heat
flux is increased from qB00 = 8073W/m2, Fig. 5(a), to 12,109 W/m2,
Fig. 5(b). At the higher flux, which corresponds to FDB, relatively
weak bulk liquid subcooling allows more bubbles to nucleate along
the bottom wall. Bubbles can also more easily grow and coalesce
with one another to form larger bubbles that are able to detach
from the bottom wall. As shown in Fig. 5(b), bubbles that are gen-
erated along the sidewalls slide along the sidewalls but grow big-
ger by coalescing with smaller bubbles before detaching by liquid
shear or merging into much larger bubbles. Notice that the oblong
bubbles filling the entire cross-sectional area, which are captured
in the last seven frames in Fig. 5(b), are mostly the result of insta-
bilities causing the vapor to flow backwards to the inlet plenum
before flowing again along the flow direction. As discussed in
[14], the vapor backflow is a cause for intermittent dryout and
CHF in the downstream region of the channel. These issues will
be discussed in more detail later in this paper.

It should be emphasized that the transition between PDB and
FDB in the subcooled boiling region does not occur systematically
at a particular axial location for a given set of operating conditions.
In fact, there is overlap between PDB and FDB that results mostly
from periodic flow oscillations. This overlap is captured in a
sequence of images in Fig. 6 corresponding to z = 44.2 mm, G =
208.8 kg/m2 s, and qB00 = 12,109 W/m2 s; individual images are sep-
arated by 25 ms. A qualitative plot of instantaneous mass velocity
is provided to help explain the role of instabilities in subcooled
boiling. The period of oscillation is initiated at the peak G value
during period 1, from 0 to 125 ms. Here, very small bubbles, barely
visible to the naked eye, move downstream and just begin to grow
by coalescing with sidewall bubbles, phenomena that are repre-
sentative of mostly PDB. Increased flow resistance associated with
the bubble formation causes a decline in mass velocity and there-
fore pressure drop. In period 2, from 150 to 325 ms, the mass
velocity momentarily drops to near zero, allowing for abundant
nucleation to take effect, which represents a transition from PDB
to FDB. In period 3, from 350 to 475 ms, bubbles formed during
period 2 undergo appreciable coalescence, evidenced by a large
increase in void fraction, which greatly increases flow resistance,
causing a reversal in the flow direction. As the backflow purges
the vapor from the upstream region of the channel, low flow resis-
tance fresh liquid entering the channel gradually increases mass
velocity before decreasing again within period 1 of a new oscilla-
tion cycle. These flow oscillations suggest some overlap between
PDB and FDB in the subcooled boiling region that are also influ-
enced by the vapor backflow. Associated with the transition from
PDB to FDB are significant variations of void fraction along the
channel.

Shah [61] employed the following dimensionless parameters to
correlate the transition from PDB to FDB:

w
w0

¼ q00
H=½hspðTw;b � TsatÞ�

w0
; ð5Þ

DTsub

DTsat
¼ Tsat � Tf

Tw;b � Tsat
; ð6Þ

and

Bo ¼ q00
H

Ghfg
; ð7Þ

where w is the ratio of average wall heat flux to single-phase heat
flux based on heated wall surface area, w0 is the value of w corre-
sponding to xe = 0, DTsub/DTsat is the ratio of subcooling to wall
superheat, and Bo is the boiling number. Shah recommended the
following dependence of w0 on the boiling number, Bo:

w0 ¼ 230Bo0:5 for Bo > 0:3� 10�4 ð8aÞ
and

w0 ¼ 1þ 46Bo0:5 for Bo < 0:3� 10�4: ð8bÞ
Notice that the definitions of individual parameters in Eqs. (5)–

(8b) are adjusted to reflect the specific geometry of the present
study. Specifically, qH00 in Eqs. (5) and (7) is the heat input averaged
over the three heated channel walls, and Tw,b in Eqs. (5) and (6) is
the measured bottom wall temperature of the micro-channel. Also,
Tf in Eq. (6) is the bulk fluid temperature at axial location z calcu-
lated according to

Tf ¼ Tin þ q00
BðWch þ 2WwÞ
GðWchHchÞcp;f z: ð9Þ

where Tin is the measured inlet plenum temperature.
Fig. 7(a) shows the variation of w/w0 with DTsub/DTsat for the

present data. Notice how data for PDB and FDB are clearly segre-
gated around DTsub/DTsat = 2. Superimposed in the same figure
are Shah’s predictions for PDB and FDB, as well as the transition
between the two regions, which are given by [61]

FDB :
w
w0

¼ 1 for
DTsub

DTsat
< 2 ð10aÞ

and

PDB :
w
w0

¼ 0:54
DTsub

DTsat

� �0:88

for
DTsub

DTsat
> 2: ð10bÞ



Table 2
Dimensionless subcooled boiling and single-phase correlations.

Author(s) Correlation MAE
(%)

Remarks

Papell [83] Nusc
Nusp

¼ 90 q00H
hfg qg Vb

	 
0:7 hfg
cp;f DTsub

	 
0:84 qg

qf

	 
0:756 ¼ 90Bo0:7Ja��0:84ðqg=qf Þ0:056

Nusp ¼ 0:021Re0:8f Pr0:4f

131.03 – Single-phase heat transfer coefficient in
Nusp based on Colburn type correlation for
turbulent flow [84]

– Based on data for distilled water as well as
liquid ammonia data from another source

– Inconel X tube
– FDB data only

Modified
Papell [83]

Nusc
Nusp

¼ 90 q00H
hfg qg Vb

	 
0:7 hfg
cp;f DTsub

	 
0:84 qg

qf

	 
0:756
¼ 90Bo0:7Ja��0:84ðqg=qf Þ0:056

80.93 – Single-phase heat transfer coefficient in
Nusp based on correlation for laminar flow
in a rectangular channel with three-sided
heating by Shah and London [82]

– Based on data for distilled water as well as
liquid ammonia data from another source

– Inconel X tube
– FDB data only

Badiuzzaman
[85]

Nusc
Nusp

¼ C q00H
hfg qg Vb

	 

hfg

cp;f DTsub

	 
1:2 qg

qf

	 
1:08
DTsub
Tsat

	 
0:6� �m

¼ C BoJa��1:2ðqg=qf Þ0:08ðDTsub=TsatÞ0:6
n om

Water: C = 178, m = 0.75
Organic fluids: C = 759, m = 0.89

25.67 – Single-phase heat transfer coefficient in
Nusp based on correlation for laminar flow
in a rectangular channel with three-sided
heating by Shah and London [82]

– Based on data for water, ethyl alcohol, and
isopropyl alcohol

– Stainless steel 321 tube
– FDB data only

Moles and
Shaw [86]

Nusc
Nusp

¼ q00H
hfg qgVb

	 
0:67 hfg
cp;f DTsub

	 
0:5 qg

qf

	 
0:7 cp;f lf

kf

	 
0:46 ¼ 78:5Bo0:67Ja��0:5ðqg=qf Þ0:03Pr0:46f
19.37 – Single-phase heat transfer coefficient in

Nusp based on correlation for laminar flow
in a rectangular channel with three-sided
heating by Shah and London [82]

– Based on data for water, ethyl alcohol, iso-
propyl alcohol, N-butyl alcohol, ammonia,
aniline, and hydrazine from ten different
sources

– Stainless steel 347, 304, and 321, Inconel,
Inconel X, and nickel L

– Variety of channel geometries
– FDB data only

Shah and
London
[82]

Nusc ¼ ðNu4
devel þ Nu4

3Þ
1=4

Nudevel ¼ 1:54 Lsp
Ref Prf Dh

	 
�0:33

Nu3 ¼ 8:235 ð1� 1:833bþ 3:767b2 � 5:814b3 þ 5:361b4 � 2:0b5Þ

69.27 – Single-phase laminar flow in a rectangular
channel with three-sided heating [82]
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Fig. 7(a) shows Shah’s original correlations underpredict the
data for both the PDB and FDB regions. It should be noted that
Shah’s original correlations are based on the assumption of turbu-
lent single-phase flow, where [61,80,81]

hsp Dh

kf
¼ Nuturb ¼ 0:023Re0:8sp Pr0:4f ; ð11Þ

whereas the highest liquid Reynolds number in the present study is
Ref = 1120.2, well within the laminar range; laminar liquid flow is
also prevalent in most micro-channel flows. To correct for the
turbulent flow assumption, a dashed line corresponding to Shah’s
predictions modified for laminar single-phase flow is also included
in Fig. 7(a) for the FDB region. The single-phase heat transfer
coefficient, hsp, corresponding to the dashed line is calculated as
follows [82]:

hsp Dh

kf
¼ Nulam ¼ ðNu4

devel þ Nu4
3Þ

1=4
; ð12Þ

where

Nudevel ¼ 1:54
Lsp

Ref Prf Dh

� ��0:33

ð13aÞ

and

Nu3 ¼ 8:235ð1� 1:833bþ 3:767b2 � 5:814b3 þ 5:361b4 � 2:0b5Þ:
ð13bÞ
In Eqs. (12) and (13b), Nu3 is the Nusselt number for 3-sided heated
rectangular channels, and b is the channel cross-section’s aspect
ratio (b < 1). Notice in Fig. 7(a) that the laminar flow assumption
yields higher values for w/w0. The constant offset between the tur-
bulent and laminar assumptions stems from the smaller ratio of
single-phase to total heat transfer rate achieved in micro-channels
compared to macro-channels. Overall, Fig. 7(a) shows that, despite
deviations between Shah’s predictions and the present data, his
relation DTsub/DTsat = 2 accurately predicts the transition from
PDB to FDB, regardless of the assumptions used to calculate hsp.
PDB and FDB data are further segregated by plottingDTsub/DTsat ver-
sus Bo, Fig. 7(b). The Shah relations are expressed as [61]

DTsub

DTsat
¼ 6:3� 104Bo1:25 for

DTsub

DTsat
< 2: ð14aÞ

and

DTsub

DTsat
¼ 2 for

DTsub

DTsat
P 2: ð14bÞ

For equal Bo values, Fig. 7(b) shows the predicted transition
from FDB to PDB occurs at a higher value of DTsub/DTsat for laminar
compared to turbulent hsp. Here too, there are appreciable devia-
tions in the Shah predictions when using laminar instead of turbu-
lent relations for hsp. The inability to predict the present data
points to the need for further investigation of the transition from
PDB to FDB in micro-channels.
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3.1.2. Assessment of previous heat transfer coefficient correlations for
subcooled flow boiling

Five dimensionless correlations listed in Table 2 are assessed for
accuracy in predicting the subcooled boiling heat transfer coeffi-
cient; results are shown in Fig. 8(a)–(e). In this assessment, the
thermophysical properties of R134a are acquired from NIST’s
REFPROP 8.0 [87]. The accuracy for each correlation is evaluated
using three different parameters: MAE, h, and n. The former is
mean absolute error, which is defined as

MAEð%Þ ¼ 1
N

X jhpred � hexpj
hexp

� 100
� �

; ð15Þ

while h and n are the percentages of data points predicted within
±30% and ±50%, respectively. As recommended in [67], correlations
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Fig. 8. Comparison of present subcooled heat transfer coefficient data with predictions of
[82], (c) Badiuzzaman [85], and (d) Moles and Shaw [86], and single-phase correlation o
intended for circumferentially uniformly heated channels (circular
or rectangular with four-sided heating) are modified by relation

hpred ¼ hcor
Nu3

Nu4
ð16Þ

where hcor corresponds to the value predicted by the original corre-
lation. In Eq. (16), Nu4 is the Nusselt number for thermally develop-
ing laminar flow with four-sided heating, which is given by [82],

Nu4 ¼8:235ð1�2:042bþ3:085b2�2:477b3þ1:058b4�0:186b5Þ:
ð17Þ

Notice in Fig. 8(a)–(e) that the individual correlations tested are
compared to all present subcooled boiling data, which include PDB
and FDB data, segregated using solid and open symbols, respec-
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Fig. 9. Subcooled boiling regime development along the micro-channels: (a) local
heat transfer coefficient, and (b) local bottom wall temperature compared with
predictions of subcooled boiling correlations. Data shown are measured at z = 44.2,
102.1, 160.0, 217.9, and 275.8 mm.
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tively. Table 2 shows that these correlations are presented as Nusc/
Nusp, the ratio of the subcooled two-phase Nusselt number to the
single-phase Nusselt number. This is also equal to hsc/hsp, the ratio
of the subcooled boiling heat transfer coefficient to the single–
phase heat transfer coefficient. It should be noted that Papell’s
original correlation [83] employs a turbulent Colburn type single-
phase correlation [84] in which the coefficient in the original Col-
burn correlation was replaced with a different value (0.021) to
achieve better agreement with Papell’s single-phase heat transfer
data. The single-phase convection heat transfer coefficient in all
the other correlations is based on Shah and London’s relation for
laminar flow in a rectangular channel with three-sided heating,
Eq. (12).

Overall, Fig. 8(a)–(e) show that all the correlations tested yield
far better accuracy in predicting PDB versus FDB data. As shown
in Fig. 8(a), Papell’s correlation, which is based on a modified
turbulent Colburn single-phase correlation, shows relatively poor
accuracy. By replacing the modified Colburn correlation by Shah
and London’s laminar single-phase correlation as described
above, the accuracy of the Papell correlation is improved some-
what as shown in Fig. 8(b), with the MAE for all PDB and FDB
data combined decreasing from 158.39% to 102.68%. This is con-
sistent with the earlier discussion in conjunction with Fig. 7(a)
concerning improved prediction of w when using the laminar
flow assumption. Limited accuracy of the Papell’s correlation
can be attributed to its reliance on data for water and ammonia,
which both possess thermophysical properties significantly supe-
rior to those of R134a. Fig. 8(c) shows far better predictions are
achieved with the correlation by Badiuzzaman [85], evidenced
by a MAE of only 18.46%. While originally developed for only
FDB data for water and two different alcohols, Fig. 8(c) shows
the same correlation is quite effective in predicting PDB data as
well. With a MAE of only 13.62%, the most successful of all cor-
relations tested is the one by Moles and Shaw [86], Fig. 8(d),
which is based on FDB data for ten different fluids from multiple
sources. Interestingly, both the Badiuzzaman and Moles and
Shaw correlations capture a noticeable discontinuity in predicting
PDB versus FDB data.

For reference, predictions based entirely on Shah and London’s
[82] single-phase correlation for laminar flow in a rectangular
channel (i.e., by replacing hsc by hsp) are also provided. Fig. 8(e)
shows that, despite the subcooled flow conditions, this approach
yields unusually large errors because of its failure to account for
bubble nucleation effects.

To further investigate the predictive capabilities of the different
correlations, two-phase heat transfer coefficient and bottom wall
temperature predictions are compared to the present data in
Fig. 9(a) and (b), respectively, for G = 212.29 kg/m2 s, qB00 = 4039
W/m2, and xe,in = �0.038. Fig. 9(a) shows the measured heat trans-
fer coefficient increases appreciably when transitioning from PDB
to FDB. Both the Badiuzzman and the Moles and Shaw correlations
capture the variation of the heat transfer coefficient in the sub-
cooled region quite well. On the other hand, both the original
and modified Papell correlations greatly overpredict the data.
Notice also that Shah and London’s single-phase correlation both
underpredicts the data and follows a trend opposite to that of
the data. For reference, Fig. 9(b) shows several important predicted
temperature trends, including the linear rise in equilibrium fluid
temperature, Tf, until it reaches the saturation temperature, Tsat,
at xe = 0, following which Tf = Tsat. These ‘equilibrium’ calculations
assume the vapor generation is initiated at the location where
xe = 0 and therefore ignore the subcooled boiling effects
altogether. Also included in Fig. 9(b) is the wall temperature
corresponding to ONB, which is predicted according to Sato and
Matsumura’s model [53]. Fig. 9(b) also shows PDB occurring at
z = 44.2 and 102.1 mm, followed by FDB at z = 160.0 mm, all
downstream from ONB. Here too, both the Badiuzzman and the
Moles and Shaw correlations show fairly good predictions of the
wall temperature data.

3.2. Saturated flow boiling region (xe > 0)

3.2.1. Flow oscillations
Periodic flow oscillations are commonly encountered in two-

phase micro-channels because bubbles grow rapidly to occupy
the entire cross-section. These instabilities are manifest in periodic
oscillations in mass velocity, which are responsible for pressure
oscillations between the inlet and outlet plenums. Fig. 10 shows
a series of schematics of transient flow patterns observed in the
present study based on extensive analysis of video records. From
a temporal standpoint, a single oscillation period consists of six
sub-periods. Notice that the micro-channel is divided spatially into
four distinct sections; flow within each varies during the succes-
sive sub-periods.

Sub-period t1 corresponds to initiation of the instability period,
where increased pressure in the inlet plenum causes a substantial
increase in mass velocity, causing a surge of liquid into the chan-
nel, which results in peak value for mass velocity between t1 and
t2. During t1, the upstream plenum contains a vapor/liquid mixture,
but the relatively high mass velocity associated with onset of the
surge tends to suppress bubble nucleation in section 1. During
the same sub-period, the downstream sections still suffer signifi-
cant liquid deficiency from the previous instability period, and
are dominated by annular liquid film evaporation. A thin annular
liquid film is maintained in sections 2 and 3, while section 4 under-



t1

t2

t3

t4

t5

t6

Section 1 Section 2 Section 3 Section 4

Bubbles from 
inlet plenum

Partial dryout/
Incipient dryout

Subcooled 
liquid

ONB in PDB 
region

Deceleration/
Simultaneous 

nucleation

Stationary 
flow

Vapor back 
flow

Vapor 
backflow

Breakup without 
shattering

Complete dryout/
Intermittent dryout

Annular/
Evaporative liquid film

Annular/
Propagating waves

Wavy annular/
Wavy film

Slug breakup/
Shattering

Slug breakup/
Shattering

Elongated bubble

Inverted elongated 
bubble

Flow
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goes partial liquid film dryout (also known as incipient dryout),
where heat transfer is compromised.

Sub-period t2 is dominated by forward advance of liquid from
upstream with a slight decrease in mass velocity from peak value,
while still large enough to suppress bubble nucleation upstream. In
section 1, the flow enters the channel in mostly subcooled liquid
state, resulting in single-phase liquid convection near the inlet,
followed by subcooled flow boiling. Section 2 is occupied mostly
by slug flow resulting from bubble coalesce. Section 3 now
includes remnants of the annular film from t1, which undergoes
temporary dryout (also termed intermittent dryout) in section 4,
causing significant reduction in the heat transfer coefficient.

Sub-period t3 is dominated by rapid bubble growth and coales-
cence into oblong bubbles, causing flow acceleration downstream
and a slowdown upstream. Absent in section 1 is upstream pure
liquid flow, and the upstream slowdown triggers appreciable bub-
ble nucleation and growth in the same section. Section 2 is now
dominated by slug flow, and section 3 by combined slug and annu-
lar flow. Downstream, section 4 begins to take advantage of the liq-
uid surge from the prior sub-periods, with an annular liquid film
being gradually established and heat transfer dominated by liquid
film evaporation.

Sub-period t4 corresponds to a transitional time when increased
void fraction from sub-period t3 greatly increases flow resistance,
resulting in appreciable flow slowdown and a halt to incoming
flow, which is followed by vapor backflow into the inlet plenum.
The slowdown spurs appreciable bubble nucleation and coales-
cence into large oblong bubbles in section 1. The large increase
in vapor production reduces the length of liquid slugs in section
2, and causes a shattering of the liquid slugs into droplets in sec-
tion 3 that are entrained into section 4. The downstream end of
section 4 begins to incur wavy annular flow, with an abundance
of the shattered liquid drops in the core.
During sub-period t5, the vapor backflow into the inlet plenum
becomes very pronounced and bubble shape is inverted in section
1 because of the flow reversal. Farther downstream, wavy annular
flow is established in the downstream end of section 3 and
throughout section 4.

Sub-period t6 marks a duration of liquid deficiency, where bub-
bles cast earlier into the inlet plenum mix with the plenum’s sub-
cooled liquid, increasing the inlet liquid temperature. Sections 1
and 2 show liquid slug breakups without droplet shattering, and
relatively mild evaporation. With the liquid deficiency, the inten-
sity of propagating waves in sections 3 and 4 is subdued. The inlet
plenum pressure now reaches peak value, pushing the flow
through the channel once more and initiating a new instability per-
iod. This also marks the beginning of the increase in mass velocity
due to liquid surge at the channel inlet, while liquid deficiency is
maintained in the rest of the micro-channel.

Fig. 11(a) and (b) depict sequences of high-speed video images
capturing flow reversal in the bubbly/slug regime flow, and liquid
slug breakup and droplet shattering, respectively. The complex
interfacial behavior captured in these figures clearly points to a
need for comprehensive and user-friendly transient flow regime
maps for two-phase micro-channel flow.

3.2.2. Transient flow regime maps
Tables 3 provides a summary of selected previous investigations

of flow regime maps for adiabatic, boiling, and condensing flows in
micro-channels and macro-channels. This is followed in Table 4 by
a list of parameters often adopted in flow regimemaps. Overall, the
maps can be grouped into two main categories: those that are
based on force balance and the others on phase change. Recently,
studies have shown that, for both flow boiling and flow condensa-
tion, two-phase regimes in micro-channels can be effectively
demarcated using the following relations for modified Weber



Liquid breakage/shattering in slug to annular transitional flow regime: 
z = 275.84 mm, G = 132.86 kg/m2s, qB” = 12109 W/m2, xe = 0.260

Flow

Entrained droplets

Vapor backflow in bubbly/slug flow: 
z = 44.20 mm, G = 170.83 kg/m2s, qB” = 24219 W/m2, xe = 0.040

Flow

(a)

(b)

z = 44.2 mm z = 44.2 mm

z = 275.84 mm z = 275.74 mm

Fig. 11. High speed video images capturing (a) vapor backflow in the bubbly/slug flow, and (b) liquid slug breakup and droplet shattering in the slug to annular transition
flow regime. The time interval between consecutive images is 6.25 ms.
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number, We⁄, as a function of the turbulent-turbulent Lockhart-
Martinelli parameter, Xtt [65,97]:

We� ¼ 2:45
Re0:64g

Su0:3
g ð1þ 1:09X0:039

tt Þ0:4
for Ref 6 1250 ð18aÞ

and

We� ¼0:85
Re0:79g X0:157

tt

Su0:3
g ð1þ1:09X0:039

tt Þ0:4
lg

lf

 !2
vg

v f

� �2
4

3
5

0:084

for Ref >1250;

ð18bÞ
where Ref = ð1� xÞGDh=lf and the definitions for Reg, Xtt, and Sug are
provided in Table 4.

As discussed earlier, transient flow regimes encountered in this
study are comprised of bubbly/slug, slug, transition, and annular
flow regimes, the latter with two dryout sub-categories. Using
the present flow regime database of 200 points, new correlations
are developed for transitional boundaries between regimes.
Fig. 12(a) shows the present data demarcated at Reg = 2000, corre-
sponding to transition from laminar to turbulent vapor flow, to
assess the effects of vapor core shear stress on flow regime transi-
tions. Notice that values above and below Reg = 2000 are clearly
segregated by a horizontal line corresponding to We⁄ = 3.

Using the new data, a new transient flow regime map is pro-
posed. Fig. 12(b) shows clear segregation between flow regimes
around three boundary lines:

bubbly=slug to slug : We� ¼ 0:95X0:67
tt ; ð19aÞ

slug to transition : We� ¼ 4:8X0:48
tt ; ð19bÞ

and

transition to annular : We� ¼ 13:5X0:38
tt ; ð19cÞ

whereWe⁄ is defined in Eqs. (18a) and (18b). Interestingly, the tran-
sition regime commences above We⁄ = 3, the boundary between
laminar and turbulent vapor flow, as shown in Fig. 12(a), and below
Xtt = 1, which suggests the following boundaries for this regime:

Transition regime : We� P 3 and Xtt 6 1: ð20Þ



Table 3
Details of prior flow regime maps.

Author(s) Coordinate parameters Channel type Fluid(s) Remarks

Flow boiling regime maps

Hetsroni et al. [88] Ref vs q*

Ref ¼ jf Dh

mf

q� ¼ q00B
G cp DT

	 

Tw;max
Tw;avg

	 

– Parallel micro-channel heat sink
– Horizontal flow

Air-water, steam-water Triangular:
Dh = 0.103–0.161 mm
Dryout regimes

Wojtan et al. [89] G vs x – Single macro-channel tube
– Horizontal flow

R22, R410A Circular:
Dh = 13.84 mm
Dryout regimes

Revellin and Thome [50] G vs x – Single micro-channel tube
– Horizontal flow

R134a, R245fa Circular:
Dh = 0.509, 0.790 mm

Wang and Bergles [90] qH00 vs G,
qH00 vs xe

– Parallel micro-channel heat sink
– Horizontal flow

Water Trapezoidal:
Dh = 0.186 mm
(427 � 208 � 146 lm)

Adiabatic flow regime maps

Triplett et al. [91] jf vs jg – Single micro-channel tube
– Horizontal flow

Air-water Circular:
Dh = 1.1, 1.45 mm
Semi-triangular:
Dh = 1.09, 1.49 mm

Kawahara et al. [92] jf vs jg – Single micro-channel tube
– Horizontal flow

N2-water Circular:
Dh = 100 lm

Qu et al. [93] jf vs jg – Parallel micro-channel heat sink
– Horizontal flow

N2-water Rectangular:
Wch = 231 lm
Hch = 712 lm

Hassan et al. [94] jf vs jg – Single micro-channel tube
– Horizontal/vertical flow

Air-water Circular:
Dh = 1.0, 0.8 mm

Unstable flow boiling regime maps

Saha et al. [95] Nsub vs Npch – Single macro-channel tube
– Vertical flow

Freon-113 Circular:
Dh = 12.7 mm

Chang and Pan [96] Nsub vs Npch – Parallel micro-channel heat sink
– Horizontal flow

Water Rectangular:
Wch = 99.4 lm
Hch = 76.3 lm
Dh = 86.3 lm

Flow condensation regime map

Kim and Mudawar [97] We* vs Xtt – Parallel micro-channel heat sink
– horizontal flow

FC-72 Rectangular:
Dh = 1.0 mm

Table 4
Parameters employed in flow regime maps.

Parameter Description

Force balance/mass flow related

jf ¼ Gð1�xeÞ
qf

Superficial liquid velocity [91,98]

jf ¼ G xe
qf

Superficial vapor velocity [91,98]

jg;cor ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qg=qair

q
jg

Vapor superficial velocity corrected relative to
air [99,100]

Ref ¼ ð1�xÞGDh
lf

Liquid Reynolds number [101]

Reg ¼ xGDh
lg

Vapor Reynolds number [101]

Suk ¼ qkrDh

l2
k

Suratman number [101]

We� Modified Weber number [101]

Phase change/heat flux related

Bo ¼ q00H
Ghfg

Boiling number

Ja� ¼ cp;f DTsub;in

hfg

	 

Modified Jacob number

Npch ¼ Bo Lch
Dh

	 

qf �qg
qg

	 

Phase change number [95]

Nsub ¼ qf�qg

qg

	 

hsub;in
hfg

Subcooling number [95]

q� ¼ q00B
G hsub;in

Tw;max
Tw;avg

Dimensionless heat flux (accounts for subcooling
and temperature distribution effects) [88]

Xtt ¼ lf

lg

	 
0:1
1�x
x

� �0:9 v f

vg

	 
0:5 Turbulent-turbulent Lockhart-Martinelli
parameter [102,103]
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Notice that the boundary Xtt � 1 can be also expressed as

xe P 1þ lg

lf

 !1=9
vg

v f

� �5=9
2
4

3
5

�1

: ð21Þ
One limitation of Fig. 12(b) is that it does not explicitly distin-
guish dryout boundaries. Fig. 12(c) provides an alternative means
for segregating dryout from non-dryout data. It shows the data
presented in terms of vapor Reynolds number as function of the
phase change number Npch (defined in Table 4) and suggests dryout
commences above a vapor Reynolds number boundary given by

Reg P 13;470� 310Npch; ð22Þ
Overall, the combination of regime maps in Fig. 12(b) and (c)

provides a comprehensive means for predicting both dominant
transient flow regimes and dryout conditions.
3.2.3. Local heat transfer coefficient trends
Heat flux and mass velocity are the primary parameters exam-

ined in this study that dictate both dominant heat transfer mech-
anisms and magnitude of the local two-phase heat transfer
coefficient. Fig. 13(a) shows the variation of h with xe for G =
170.83 kg/m2 s and different values of base heat flux. Within the
saturated boiling region (xe > 0), increasing the heat flux causes
appreciable and monotonic increases in h for qualities up to xe =
0.5, which can be defined loosely as the upper limit for the nucle-
ate boiling dominant region of the channel. Notice that h shows a
stronger response to heat flux variations for xe � 0.3, where the
bubbly/slug flow is observed and nucleate boiling is strongest.
The dependence of h on heat flux weakens between xe = 0.3 and
0.5 as bubble nucleation subsided and discrete bubbles coalesce
into elongated bubbles, signaling transition to slug flow. Around
xe = 0.5, significant liquid slug breakup begins to take effect as
the flow transitions from slug to annular. Here, h shows both very
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Fig. 12. Transient flow regimes transitions: (a) We* versus Xtt for laminar and
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versus Npch dryout boundary map.

Fig. 13. Variations of local heat transfer coefficient with quality for (a) G = 170.83
kg/m2 s and different heat fluxes, and (b) qB00 = 12,109 W/m2 and different mass
velocities.
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weak dependence on heat flux and appreciable decline with
increasing xe as nucleation is fully suppressed and the heat transfer
mechanism switches from mostly nucleate boiling dominant to
convective boiling dominant. Three reasons have been suggested
in the literature for the gradual decrease in h with increasing xe:
(a) reduction in the momentum of liquid waves [65], (b) incipient
dryout in the annular film resulting from high vapor shear
[64,104], and (c) increasing period of intermittent dryout [64].
Notice, for the highest heat flux of qB00 = 24,219 W/m2, the sharp
reduction in h starting at xe = 0.5. This trend is consistent with
intermittent dryout, which is the mechanism responsible for heat
transfer degradation at high heat fluxes [45,64], with more sus-
tained intermittent dryout with increasing xe culminating in a sub-
stantial decrease in h.
Fig. 13(b) shows the variation of hwith xe for qB00 = 12,109 W/m2

and different values of mass velocity. In the nucleate boiling dom-
inant region corresponding to xe < 0.5, h shows both weak and non-
monotonic dependence on G. For the convective boiling region cor-
responding to xe > 0.5, intermittent dryout is initiated around xe =
0.54 and z = 391.67 mm for the lowest mass velocity of G = 94.90
kg/m2 s, but delayed towards the end of the channel, z = 565.40
mm, for G = 132.86 kg/m2 s, where xe = 0.56.

Fig. 14(a) and (b) provide video evidence of the dominant mech-
anisms just discussed. Fig. 14(a) shows representative images of
the liquid deficient period (t1) and surge period (t2) corresponding
to the highest flux condition of qB00 = 24,219 W/m2 and G = 170.83
kg/m2 s in Fig. 13(a) that displayed a large decline in h at high xe
due to dryout. The initial decrease in the heat transfer coefficient
from the inlet to z = 160.02 mm is attributed to suppression of
nucleate boiling during the liquid surge period (t2). But in the liq-
uid deficient period (t1), incipient dryout is observed starting
around z = 217.93 mm; this is where the film becomes susceptible
to localized dryout. The liquid film is momentarily completely
evaporated during the liquid deficient period starting around z =
333.76 mm, marking the onset of intermittent dryout. Accompany-
ing the film evaporation is a sharp decrease in the heat transfer
coefficient as shown earlier in Fig. 13(a). Thereafter, short, broken
liquid films are observed, and the dryout period increases as the
amount of liquid decreases towards the end of the channel (z =
565.40 mm), which is indicated by the high quality of xe = 0.874
at that location.

Fig. 14(b) shows, for two adjacent channels, representative
images of the liquid deficient period (t1) and liquid surge period
(t2) for qB00 = 12,109 W/m2 and G = 94.90 and 132.86 kg/m2 s, the



Fig. 14. Images of saturated flow boiling in two adjacent channels for different operating conditions. (a) Flow regime variations along the micro-channels during the liquid
deficient period and the liquid surge period for G = 170.83 kg/m2 s and qB00 = 24,219 W/m2. (b) Initiation of intermittent dryout at qB00 = 12,109 W/m2 and G = 132.86 and
94.90 kg/m2 s.
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two conditions discussed earlier in conjunction with Fig. 13(b).
Notice how the sharp decline in h due to intermittent dryout is
observed for G = 94.90 kg/m2 s, but not the higher mass velocity.

3.2.4. Correlation of heat transfer coefficient data
A recent study by the present authors [64] included an exten-

sive assessment of the accuracy of eight prior saturated boiling cor-
relations [69,105–111], some originally developed for macro-
channels and the others for micro-channels. The assessment was
based on the average two-phase heat transfer coefficient, and the
data was for the same micro-channel module used in the present
study as well as a shorter module, and same working fluid. How-
ever, the micro-channel module in the previous study was incorpo-
rated as an evaporator in a vapor compression loop instead of the
pumped loop used in the present study. Of the eight correlations,
only the one by Kim andMudawar [111] yielded acceptable predic-
tions in both accuracy and trend, evidenced by a MAE of 21.19%,
with h = 69.92% and f = 95.12% of the predictions falling within
±30% and ±50% of the data, respectively, as shown in Fig. 15(a).
Notice that also included in the same figure are data for a shorter
micro-channel module (L = 152.4 mm) containing 75 parallel
micro-channels having the same cross-section as the module used
in the present study. The superior performance of the Kim and
Mudawar correlation was attributed to its ‘universal’ formulation,
being constructed from a massive database of 10,805 mini/micro-
channel flow boiling data points amassed from 31 different
sources. The database consists of 18 working fluids, hydraulic
diameters of 0.19–6.5 mm, mass velocities of 19–1608 kg/m2 s,
liquid-only Reynolds numbers of 57–49,820, qualities of 0–1, and
reduced pressures of 0.005–0.69. The Kim and Mudawar correla-
tion covers both the nucleate boiling and convective boiling
regions of saturated boiling, and is valid for both single channels
and multi-channel heat sinks. This correlation is one of several uni-
versal correlations recently developed by Kim and Mudawar to
predict two-phase pressure drop in two-phase adiabatic and con-
densing flows [112] and in flow boiling [113], as well as heat trans-
fer in both flow boiling [111] and flow condensation [114]. Since it
is not a goal of the present study to repeat the assessment of prior
correlations, only the universal correlation of Kim and Mudawar is
examined against the present data.

The present study yielded 655 data points for the local satu-
rated boiling heat transfer coefficient spanning the ranges of G =
75.9–208.8 kg/m2 s and qB00 = 4036–28,255 W/m2. Fig. 15(b) shows
the universal correlation of Kim and Mudawar yields fair accuracy
in predicting the present data, which indicated by a MAE of 36.46%,
with h = 23.36% and f = 91.15%. The accuracy achieved here is infe-
rior to that achieved by the present authors [64] for the same test
module and same working fluid, with the test module inserted into
a vapor compressions loop instead of the pumped loop used in the
present study.

To better explain these differences in predictive accuracy, the
MAE is segregated further based on the observed transient flow
regimes. Of the present 655 data points, 116, 229, 171, 61, and
77 are associated with the bubbly/slug, slug, transition, transi-
tion/intermittent dryout, and annular/intermittent dryout flow
regimes, respectively. Fig. 15(c) shows predictive accuracy is com-
promised mostly in the upstream bubbly/slug and slug regimes,
which are dominated by nucleate boiling, but the accuracy
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improves significantly for the downstream transition, transition/
intermittent dryout, and annular/intermittent dryout regimes,
which are dominated by convective boiling. While better overall
predictive accuracy can be achieved by modifying the nucleate
boiling portion of the correlation, the high predictive accuracy of
this correlation against many fluids and over broad ranges of oper-
ating conditions indicates such an attempt is unwarranted at the
present time, especially that additional data with the present test
module will be acquired in the foreseeable future.
4. Conclusions

This study explored variations of the local heat transfer
coefficient for R-134a along a test module containing 100 of
1 � 1 mm2 square micro-channels. The large length of the micro-
channels used (609.6 mm) produced broad axial variations in flow
regimes and associated heat transfer mechanisms. With the fluid
entering the test module in subcooled state, it was possible to
capture both the subcooled boiling (xe < 0) and saturated boiling
(xe > 0) regions with great detail. Using a combination of tempera-
ture measurements along the heat sink and high-speed video
motion analysis of the interfacial behavior, it was possible to
explore crucial details of the flow, including dominant flow
regimes, flow instabilities, and downstream dryout effects. Key
findings from the study can be summarized as follows:

(1) Two sub-regions of the subcooled boiling region, partially
developed boiling (PDB) and fully developed boiling (FDB),
were identified and examined relative to dominant interfa-
cial and heat transfer mechanisms. The upstream PDB region
features small bubbles that fail to grow as they travel along
the channel because of strong condensation in the highly
subcooled bulk flow. On the other hand, axial warming of
the bulk flow in the FDB region allows bubbles to both grow
and coalesce with one another. Flow oscillations cause some
overlap between the PDB and FDB regions. Among several
previous correlations for subcooled boiling, a correlation
by Moles and Shaw [86] shows the best accuracy
(MAE = 13.62%) in predicting the present PDB and FDB data.

(2) Unlike macro-channel flows, where flow regimes can be
clearly demarcated, the flow regimes in micro-channels are
associated with transient fluctuations that are caused by
flow instabilities, especially vapor backflow to the inlet ple-
num. The dominant flow behavior and associated dryout
effects are successfully characterized with the aid of a new
transient flow regime map and a dryout map, respectively.

(3) Examination of local heat transfer coefficient data in the
saturated boiling region points to the existence of three
separate regions: nucleate boiling dominated region for
xe < 0.3, region of combined nucleate and convective boiling
for 0.3 < xe < 0.5, and convective boiling dominated region
for xe > 0.5. Within the latter, the local heat transfer coeffi-
cient incurs a gradual decrease after the point of incipient
dryout, followed by a sharp decrease downstream because
of intermittent dryout. The recent universal correlation of
Kim and Mudawar’s [111] provides fair accuracy in predict-
ing the saturated boiling heat transfer data, though better
accuracy is achieved in the convective boiling region as com-
pared to the nucleate boiling region.
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