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This study explores the complex flow boiling CHF mechanisms encountered at different orientations rel-
ative to Earth’s gravity when the fluid is supplied as a two-phase mixture. Using FC-72 as working fluid,
different CHF regimes are identified for different orientations, mass velocities and inlet qualities. Low
mass velocities are shown to produce the greatest sensitivity to orientation, while high mass velocities
greatly reduce this influence, especially for high inlet qualities. It is also shown that the influence of ori-
entation can be negated by simultaneously satisfying three separate criteria: overcoming the influence of
gravity perpendicular to the heated wall, overcoming the influence of gravity parallel to the heated wall,
and ensuring that the heated wall is sufficiently long to ensure liquid contact. These criteria are combined
to determine the minimum mass velocity required to negate gravity effects in both terrestrial and space
applications. Exceeding this minimum is of paramount importance to space systems since it enables the
implementation of the vast body of published CHF data, correlations and models developed from terres-
trial studies for design of thermal management systems for space applications.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Transitioning to two-phase thermal management in future space
missions

Space systems are increasing in complexity, size and power
requirements. A key emphasis of space agencies is to increase
the efficiency of power utilization for both space vehicles and fu-
ture planetary bases by reducing system weight [1,2]. Among the
various subsystems comprising any space vehicle or planetary base
are several thermal management systems that are crucial to sup-
porting astronaut life and operation of mechanical and electronic
hardware. Key among those is the Thermal Control System (TCS),
which is responsible for controlling the temperature and humidity
of the operating environment. The TCS is responsible for acquiring
heat from a number of heat-producing sources, transporting the
heat, and rejecting it to deep space by radiation.

While previous space systems, such as NASA’s space shuttles,
employed a single-phase liquid TCS, weight reduction for future
space systems will require transitioning from single-phase liquid
to two-phase thermal management [1,2]. The key reason behind
this transition is to capitalize on the merits of latent heat of the
working fluid rather than sensible heat alone. With this transition,
the TCS can take advantage of orders of magnitude enhancement in
evaporation and condensation heat transfer coefficients compared
to the heat transfer coefficients realized in single-phase liquid sys-
tems. For a given total heat load, this transition translates into
drastic reductions in weight and volume of the thermal manage-
ment hardware.

1.2. Gravity effects in boiling systems

Large density difference between liquid and vapor is the pri-
mary reason for the strong influence of gravity on two-phase fluid
flow and heat transfer. This influence is manifest in the form of a
buoyancy force proportional to the product of density difference
and gravity. Critical heat flux (CHF) is arguably the most important
design parameter for heat-flux-controlled two-phase systems. This
explains the great emphasis researchers have placed on measuring,
correlating and/or predicting CHF for virtually every two-phase
flow configuration, including pool boiling [3,4], channel flow boil-
ing [5–10], jets [11–14], sprays [15–17], and enhanced surfaces
[18–20]. The present study concerns CHF in channel flow boiling.

1.3. Influence of orientation on flow boiling CHF

Vertical upflow is a preferred orientation for flow boiling
systems because it enables buoyancy to move vapor in the same
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Nomenclature

A cross-sectional area of flow channel
Ah heated area of flow channel
Aw area of wetting front
b ratio of wetting front length to wavelength
Bo Bond number
Dh hydraulic diameter
Fr Froude number
G mass velocity
g gravity
ge earth gravity
H height of flow channel
Hf mean thickness of liquid layer
hfg latent heat of vaporization
Hg mean thickness of vapor layer
L heated length
P pressure
q00m critical heat flux
Uf mean velocity of liquid layer
Ug mean velocity of vapor layer
U1 rise velocity of slug bubble

We Weber number
xe thermodynamic equilibrium quality
z axial distance
z0 axial location where vapor layer velocity just exceeds li-

quid layer velocity
z⁄ axial location for determining vapor layer thickness and

critical wavelength in Interfacial Lift-off Model

Greek symbols
d vapor layer thickness
h flow orientation angle
kc critical wavelength
q density
r surface tension

Subscripts
f saturated liquid
g saturated vapor
in inlet to heated portion of flow channel.
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direction as the liquid flow. This imparts flow stability to the sys-
tem and helps achieve relative high CHF values by aiding vapor re-
moval from, and liquid replenishment of the heated wall. This
explains why the majority of published studies on flow boiling
CHF are conducted in the vertical upflow orientation. While differ-
ent mechanisms have been proposed for flow boiling CHF [21–25],
photographic evidence points to a dominant Wavy Vapor Layer Re-
gime commencing along the heated wall as CHF is approached, and
CHF being triggered by an Interfacial Lift-off Mechanism [26–31],
which will be discussed later.

Flow boiling CHF for all other orientations can be highly compli-
cated by the manner in which buoyancy influences the vapor and
liquid flows both along the flow channel and perpendicular to
the heated wall. Fig. 1(a) is used as a guide to explain the influence
of flow orientation on CHF for a flow channel that is heated along
one side. Shown are eight channel flow orientations, with the flow
radiating outwards, and the placement of the heated wall, indi-
cated by a black rectangular strip.

1.4. Influence of buoyancy along the flow channel

The influence of buoyancy along the channel is especially prob-
lematic for vertical downflow, h = 270�. Here, buoyancy opposes
the liquid forces – both drag and shear – and flow behavior is
therefore a function of the relative magnitude of buoyancy and li-
quid forces. Zhang et al. [28,29] showed that the vertical downflow
orientation results in one of three possible CHF regimes. At very
low flow rates, buoyancy exceeds liquid forces, causing the vapor
to flow backwards (vertically upwards) along the channel with
CHF associated with a Vapor Counterflow Regime and Flooding and
CHF values are quite small. Increasing the flow rate increases the
relative magnitude of the liquid forces, and a particular flow rate
is reached that causes a balance between the two opposing forces,
causing the vapor to stagnate along the channel. Here, CHF is asso-
ciated with a Stagnation Regime, and corresponding CHF values are
vanishingly small. A further increase in flow rate causes the liquid
forces to exceed buoyancy, and the vapor to flow concurrently with
the liquid. CHF for these conditions is associated with a Separated
Concurrent Vapor Flow Regime, and CHF values are appreciably
greater than those for the Vapor Counterflow or Stagnation Regimes.
In the limit of a very high flow rate, the liquid forces render any
buoyancy effects negligible, and CHF values for vertical upflow
and vertical downflow converge. Clearly, high flow rate is an effec-
tive means to negating the influence of buoyancy on both flow
behavior along the channel and CHF magnitude.
1.5. Influence of buoyancy perpendicular to the heated wall

The influence of buoyancy perpendicular to the heated wall is
most noticeable for horizontal flow orientations with the heated
wall pointing upwards, h = 0�, and downwards, h = 180� [28,29].
For h = 0� and small flow rates, small bubbles that nucleate along
the heated wall tend to coalesce together to form larger vapor bub-
bles, which are driven by buoyancy across the channel to the oppo-
site adiabatic wall. Here, CHF is associated with a Pool Boiling
Regime. For h = 180� and small flow rates, buoyancy causes the va-
por to stratify above the liquid and adjacent to the heated wall.
Clearly, this Stratification Regime impedes liquid access to the
heated wall, resulting in very low CHF values. By greatly increasing
the flow rate for both horizontal orientations, the flow behavior at
CHF begins to resemble that for vertical upflow, h = 90�. Further-
more, CHF values for h = 0� and 180� at high flow rates converge
with those for vertical upflow, h = 90�. The convergence of CHF val-
ues for different orientations at high flow rates has been confirmed
in several prior studies [32–35].
1.6. Importance of wavy layer regime

Fig. 1(b) shows CHF data for FC-72 measured by Zhang et al.
[29] in a flow velocity–orientation plane. The data are grouped
into the six aforementioned CHF regimes for which representative
photographs are also depicted in Fig. 1(b). Notice that all CHF
regimes other than the Wavy Vapor Layer Regime are encountered
at low velocities, while the Wavy Vapor Layer Regime is dominant
at high velocities regardless of orientation. Interestingly, the
Wavy Vapor Layer Regime is prevalent in the vertical and near-
vertical upflow orientations, h = 90� and 135�, respectively, even
at low velocities.

In a subsequent study, Zhang et al. [36] performed similar flow
boiling experiments in parabolic flight to simulate microgravity. In
the absence of buoyancy, the Wavy Vapor Layer Regime was
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Fig. 1. (a) Flow orientation nomenclature (heated wall is indicated by a black rectangular strip). (b) CHF regime map for FC-72 and photos of representative CHF regimes.
Adapted from Zhang et al. [29].
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observed over the entire range of velocities, Fig. 2(a), including low
velocities that resulted in the other more complex CHF regimes in
1 ge experiments.

Interestingly, the Wavy Vapor Layer Regime has been observed at
1 ge even in saturated pool boiling. While CHF for a horizontal up-
ward-facing heated wall follows the classical depiction of Zuber
et al. [3], tilting the wall to near vertical orientations resulted in
a wavy vapor layer pattern [37,38] as shown in Fig. 2(b). The same
behavior was observed in pool boiling along a downward-facing
convex surface in 1 ge [39] as shown in Fig. 2(c).
1.7. Threshold flow rate for flow boiling CHF

Clearly, increasing flow rate in channel flow boiling precipitates
uniformity in interfacial behavior before CHF, with the Wavy Vapor
Layer Regime occurring along the heated wall, and CHF triggered by
the Interfacial Lift-off Mechanism regardless of orientation.

The discussion above concerns working fluid that is supplied to
the channel in pure liquid state, i.e., with xe,in 6 0. Recently, Kha-
rangate et al. examined flow boiling CHF with the fluid entering
the channel as a two-phase mixture (xe,in > 0) in vertical upflow
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Fig. 2. Wavy vapor layer CHF regime for (a) flow boiling of FC-72 in microgravity at 0.25 m/s inlet velocity [36], (b) pool boiling of PF-5052 at different wall orientations at 1 ge

[37,38], and (c) pool boiling of FC-87 along a downward-facing convex wall at 1 ge [39].
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[40] and horizontal flow with the heated wall facing upwards [41].
Despite the complicated flow patterns caused by the incoming
two-phase mixture, CHF for both orientations was predicted with
good accuracy using the Interfacial Lift-off Mechanism employed
by Zhang et al. for pure liquid inlet conditions (xe,in 6 0) in conjunc-
tion with the Wavy Vapor Layer Regime both at different flow orien-
tations in 1 ge[28,29] and in microgravity [36]. The authors of the
present study extended the work of Kharangate et al. for all flow
orientations [42]. They proved that, for two-phase mixture inlet
conditions (xe,in > 0), high flow rates cause appreciable diminution
in the influence of orientation on CHF. This behavior was explained
by the higher mass velocities increasing the magnitude of shear
and drag forces compared to buoyancy, especially for high inlet
qualities.

The studies by Zhang et al. [28,29,36], Kharangate et al. [40,41],
and Konishi and Mudawar [42] all point to the existence of a
threshold flow rate above which virtually identical CHF values
are measured for all orientation. This threshold is of paramount
importance to future space systems since, by operating the thermal
management system at a flow rate that exceeds this threshold, one
is able to utilize, with confidence, the vast body of published CHF
data, correlations and models developed from ground-based stud-
ies for design of reduced gravity thermal management systems.

1.8. Objectives of study

The present study is part of a long-term collaborative study be-
tween the Purdue University Boiling and Two-Phase Flow Labora-
tory (PU-BTPFL) and the NASA-Glenn Research Center (NASA-GRC)
to investigate the influence of gravity on both flow boiling and con-
densation. Studies are initiated by exploring the effects of flow ori-
entation relative to Earth’s gravity in ground experiments. The
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same experiments are repeated in parabolic flight to simulate
microgravity. Findings from both operating environments are used
to assist the design of test hardware for future experiments on-
board the International Space Station (ISS). The present study ad-
dresses flow boiling CHF in ground-based 1 � ge experiments.

The present study is focused on flow boiling CHF corresponding
to different orientations with two-phase mixture inlet conditions
(xe,in > 0). Saturated inlet conditions are of great practical impor-
tance to thermal management of space systems, where a number
of heat dissipating electronic or power sources are cooled in series.
With this arrangement, the upstream modules can take advantage
of subcooled flow boiling, while the downstream sources may be
exposed to a two-phase mixture. This study, which is a follow-up
to [42], will discuss extensive video records of flow boiling CHF
that were captured at different flow rates, inlet qualities and flow
orientations. A combination of video results, CHF data, and theoret-
ical models is used to develop systematic criteria for assessing the
influence of gravity on flow boiling CHF and, more specifically, for
negating the influence of gravity altogether.
2. Experimental methods

2.1. Flow loop and flow boiling module

A closed two-phase flow loop was constructed to deliver FC-72
to a flow boiling test module at the desired pressure, mass velocity
and quality. As shown in Fig. 3(a), FC-72 liquid is pumped from a
reservoir into a filter, a turbine flow meter, and two in-line electric
heaters before entering the flow boiling test module as a two-
phase mixture. The two-phase mixture exiting the flow boiling
module is routed through an air-cooled heat exchanger to return
the fluid to liquid state. Pressure control for the loop is achieved
with the aid of a nitrogen-filled accumulator situated between
the heat exchanger and the reservoir.

To rid the working fluid from non-condensable gases prior to
testing, a careful deaeration procedure is performed that consists
of vigorous boiling, using an immersion heater internal to the res-
ervoir, and condensation, via a water-cooled coil located near the
top of the reservoir, while allowing non-condensable gases to exit
freely to the ambient.

Fig. 3(b) shows the entire loop, in addition to power control and
instrumentation cabinets, mounted onto a single rigid frame con-
structed from extruded aluminum members.

The flow boiling test module is designed to conduct flow boiling
CHF measurements and allow video motion analysis of the two-
phase flow along a uniformly heated wall. It consists of two trans-
parent plastic (Lexan) plates that are bolted together, trapping a
Teflon cord to ensure leak-proof assembly. As shown in Fig. 3(c),
a 5.0-mm high by 2.5-mm wide flow channel is milled into the
top plastic plate. The flow boiling module features an inlet plenum
fitted with a flow straightening honeycomb insert to break up inlet
eddies. The flow channel consists of three sections, an upstream
adiabatic section for flow development, a 101.6-mm long section
containing a heated copper plate affixed to the channel’s bottom
wall, and a downstream adiabatic section leading to the exit ple-
num. Rotation of the flow boiling module is achieved with the
aid of a 0–360� swivel.

Six 4.0-mm wide and 16.1-mm long thick-film resistors are
used to heat the copper plate as illustrated in Fig. 3(d). The resis-
tors are soldered to the underside of the copper plate and con-
nected in parallel to a 115-VAC variac. The copper wall
temperature is measured by five type-K thermocouples inserted
into small holes between the resistors.

Two-phase flow behavior along the channel is captured with
the aid of a Photron Fastcam Ultima APX camera system with a
shutter speed of 1/20,000 s. Video capture is achieved at a frame
rate of 4000 fps, and high magnification made possible with the
aid of a Nikon Micro-Nikkor 105 mm f/8D autofocus lens. As shown
in Fig. 3(e), the camera is positioned normal to one side of the
transparent flow-channel, and video imaging is performed at the
inlet, middle, and exit portions of the heated portion of the
channel.
2.2. Operating conditions and measurement accuracy

The test conditions for this study include mass velocities corre-
sponding to G/qf = 0.126–1.130 m/s, inlet qualities of xe,in = 0.01–
0.19, and all eight orientations depicted in Fig. 1(a), with the pres-
sure at the outlet from the heated wall maintained constant at
103 kPa (15 psia).

As indicated in [36], the accuracy of pressure transducer mea-
surements upstream and downstream of the heated wall, and tem-
perature measurements along the heated wall and at various
locations along the flow loop are estimated at 0.01% and 0.3 �C,
respectively. The uncertainty in the heat flux measurement is 0.2%.
3. CHF regimes

3.1. CHF regimes at low mass velocity (G/qf = 0.224 m/s and
xe,in = 0.01)

At low mass velocities, CHF values are generally low and buoy-
ancy results in complex boiling regimes. The subcooled CHF regime
map, Fig. 1(b), will serve as a guideline to identify any similarities
or differences in CHF behavior for the present study corresponding
to xe,in > 0 with the CHF behavior captured by Zhang et al. [29] for
xe,in 6 0. Fig. 4(a)–(h) show the vapor development at the inlet and
middle regions at CHF- (just prior to CHF) for all orientations at
G/pf = 0.224 m/s and xe,in = 0.01. For each orientation in Fig. 4,
fifteen sequential video frames are presented for each of the inlet
and middle regions; the time elapsed between consecutive frames
is 0.0006 s. Zhang et al. [29] identified a Pool Boiling Regime for all
upward-facing heated wall orientations (h = 0�, 45� and 315�) at
low mass velocities with xe,in 6 0. For the present study, corre-
sponding to xe,in > 0, the flow for the upward-facing heated wall
orientations enters the heated portion of the channel fully sepa-
rated, with a liquid layer covering the heated wall and a thick
vapor layer residing atop. For h = 0� and 315�, the Pool Boiling
Regime is replaced by the Wavy Vapor Layer Regime, Fig. 4(a), as a
thick wavy vapor layer begins to form along the heated wall
beneath the liquid layer. Interestingly, Zhang et al. encountered
the Wavy Vapor Layer Regime at h = 0� and 315� only at high mass
velocities. This difference in CHF- behavior can be explained by the
finite inlet void fraction in the present study producing higher flow
velocities and higher shear stresses. The liquid layer adjacent to the
heated wall is now sandwiched between the central vapor core and
newly developed wavy vapor layer, and breaks apart in the middle
region in the form of liquid ligaments, which provide partial
wetting of the heated wall downstream.

The Pool Boiling Regime is encountered in the present study only
at h = 45� as depicted in Fig. 4(b) for the inlet region. Here too, the
flow enters the heated portion of the channel fully separated, with
the heated wall covered with a liquid layer beneath a thick vapor
layer. Because of the relatively low liquid velocity, bubbles that
nucleate along the heated wall are removed by buoyancy towards
the vapor–liquid interface where they are released into the vapor
layer. Farther downstream in the middle region, the increased void
fraction increases the velocities of the liquid and vapor layers,
causing vapor bubbles to coalesce along the heated wall into a
fairly continuous wavy vapor layer beneath the liquid layer. The
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Fig. 3. (a) Schematic of two-phase flow loop. (b) Photo of test facility. (c) Construction of the flow channel. (d) Construction of the heated wall. (e) Inlet, middle and exit
regions of the heated portion of the flow channel used for video capture.

208 C. Konishi et al. / International Journal of Heat and Mass Transfer 65 (2013) 203–218
liquid layer is now sandwiched between the heated wall vapor
layer and the vapor layer above. The liquid layer is gradually con-
sumed in the flow direction, with ligaments occasionally breaking
off and providing wetting for the heated wall downstream.
Fig. 4(c) shows the interfacial behavior at CHF- for vertical up-
flow, h = 90�. Here, the flow entering the heated portion of the
channel consists of a liquid layer covering all four channel walls,
surrounding a central vapor core. At CHF-, vapor is generated
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(e) (f) (g) (h)
Fig. 4. Sequential images of two-phase flow in inlet and middle regions of heated wall captured at CHF- for G/qf = 0.224 m/s and xe,in = 0.01 for (a) h = 0�, (b) h = 45�, (c) h = 90�,
(d) h = 135�, (e) h = 180�, (f) h = 225�, (g) h = 270�, and (h) h = 315�.
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within the liquid layer in contact with the heated wall, causing
separation of the liquid layer in the inlet region. The vapor layer
also persists along the heated wall in the middle region. This
behavior is reminiscent of the Wavy Vapor Layer Regime identified
by Zhang et al. [29] for h = 90� and xe,in 6 0. Farther downstream,
the separated liquid layer adjacent to the heated wall suffers
appreciable thinning due to an axial increase in shear stresses
brought upon by the axial acceleration associated with phase
change.

Fig. 4(d) shows sequential images for CHF- at h = 135�. Here, the
flow enters the heated portion of the channel with vapor stratified
against the heated wall, and liquid flowing against the opposite
insulated wall at low velocity. This behavior is characteristic of
the Stratification Regime. But unlike the other stratified regimes
corresponding to h = 180� and 225�, CHF- at h = 135� is associated
with appreciable interfacial waviness. With the liquid separated
from the heated wall, this orientation yields a low CHF of only
8.90 W/cm2.

For the horizontal downward-facing heated wall orientation,
h = 180�, and downflow with a downward-facing heated wall,
h = 225�, CHF- at G/pf = 0.224 m/s and xe,in = 0.01 follows a clear
Stratification Regime as depicted in Fig. 4(e) and (f), respectively.
Here, the flow is well separated, with a vapor layer stratified along
the heated wall, preventing the liquid beneath to access the heated
wall. This behavior results in low CHF values and the stratified va-
por layer is initiated immediately at the inlet. Relatively small
velocity differences between the liquid and vapor layers impart
stability to the liquid–vapor interface, ensuring clear separation
and stratification of the vapor layer, and limited access of liquid
to the heated wall. Interestingly, the behavior depicted in
Fig. 4(f) for h = 225� yields an unusually small CHF of only
1.85 W/cm2.

Fig. 4(g) shows CHF- behavior for vertical downflow, h = 270�.
Like vertical upflow, h = 90�, the flow entering the channel at
h = 270� is comprised of a liquid layer that covers all four channel
walls surrounding a central vapor core. Vapor production within
the liquid layer in contact with the heated wall causes separation
of the liquid layer in the inlet region, which is consistent with
the Wavy Vapor Layer Regime. While this CHF- behavior may ap-
pear to resemble that observed at h = 90�, there are appreciable dif-
ferences between the two orientations, with the buoyancy aiding
the vapor removal for h = 90� and resisting the flow for h = 270�.
This difference is manifest in the middle region where a much
thicker vapor layer for h = 270� contributes to more significant wall
dryout. It should be noted here that Zhang et al. [29] identified
three distinct CHF regimes for xe,in 6 0 at h = 270�: (i) Vapor Coun-
terflow Regime at very low mass velocities, where buoyancy ex-
ceeds liquid forces, (ii) Stagnation Regime, where the two forces
are equal, and (iii) Separated Concurrent Vapor Flow Regime, where
liquid forces exceed buoyancy. Interestingly, the Vapor Counterflow
Regime and Stagnation Regime were never observed in the present
study corresponding to xe,in > 0. This is apparently the result of
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the greatly increased flow velocities when the flow enters the
channel as a two-phase mixture.

Fig. 5 provides additional details concerning CHF- at h = 135� for
a very low mass velocity of G/qf = 0.126 m/s and xe,in = 0.01. Here,
the flow enters the channel with vapor stratified against the heated
wall in accordance with the Stratification Regime, with liquid flow-
ing against the opposite insulated wall at very low velocity. The
large velocity difference between the vapor and liquid renders
the interface highly unstable in the middle region, where the inter-
facial amplitude increases greatly and the interfacial waves cause
liquid droplets and ligaments to be deposited onto the heated wall.
Interestingly, this liquid replenishment mechanism caused this
orientation to produce the highest CHF of all the downward-facing
heated wall orientations for G/qf = 0.126 m/s.
Inlet Midd

Flow ge

Fig. 5. Sequential images of inlet, middle, and outlet regions depicting Stratification R
xe,in = 0.01. The heated wall is indicated by a rectangular black strip.
3.2. CHF regimes at intermediate mass velocity (G/pf = 0.398 m/s and
xe,in = 0.01)

Fig. 6(a)–(h) show sequential images for all orientations at
G/qf = 0.398 m/s and xe,in = 0.01. Because of the relatively high mass
velocity, there is greater interfacial instability for all upward-facing
heated wall orientations of h = 315�, 0�, and 45�, and better replen-
ishment of the heated wall by liquid ligaments downstream, and
therefore higher CHF than those corresponding to G/qf = 0.224 m/
s and xe,in = 0.01. CHF- for these orientations is consistent with
the Wavy Vapor Layer Regime. For vertical upflow, h = 90�, CHF- is
associated with the Wavy Vapor Layer Regime, similar to that ob-
served for G/qf = 0.224 m/s and xe,in = 0.01. Interestingly, this
behavior is also prevalent at G/qf = 0.398 m/s for all downward-
le Outlet

G/ρf= 0.126m/s, xe,in = 0.01, θ = 135°

egime with interfacial waves observed at CHF- for h = 135�, G/qf = 0.126 m/s and
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Fig. 6. Sequential images of two-phase flow in inlet and middle regions of heated wall captured at CHF- for G/qf = 0.398 m/s and xe,in = 0.01 for (a) h = 0�, (b) h = 45�, (c) h = 90�,
(d) h = 135�, (e) h = 180�, (f) h = 225�, (g) h = 270�, and (h) h = 315�.
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facing heated wall orientations (h = 135�, 180� and 225�), as well as
for vertical downflow (h = 270�). These findings prove that increas-
ing mass velocity imparts uniformity in CHF mechanism regardless
of orientation.
3.3. Summary of CHF regimes for different orientations

Fig. 7(a) and (b) show schematic representations of CHF- for
G/pf = 0.224 and 0.398 m/s, respectively, at xe,in = 0.01, correspond-
ing to 90� orientation increments. Shown are both the longitudinal
development of interfacial behavior as well as depictions of the
cross-section both upstream and downstream of the heated
portion of the channel.

For the lower mass velocity of G/pf = 0.224 m/s, Fig. 7(a) shows
the flow at h = 0� enters the heated portion of the channel fully
stratified, with the liquid covering the heated wall and the vapor
flowing above. At CHF-, intense vapor effusion at the heated wall
separates the liquid layer. For vertical upflow, h = 90�, the flow en-
ters the heated portion of the channel with a thin liquid layer cov-
ering all four channel walls, surrounding a large central vapor core.
At CHF-, vapor effusion separates the liquid layer adjacent to the
heated wall, but unlike h = 0�, a thin liquid film continues to cover
the three insulated walls of the channel. For horizontal flow with a
downward-facing heated wall, h = 180�, the flow enters the heated
portion of the channel stratified with the vapor covering the heated
wall. The heated wall receives minor cooling from liquid ligaments
and droplets that are broken off the liquid layer but, because of the
limited access of liquid to the heated wall, CHF is quite small for
this orientation. For the vertical downward-facing orientation,
h = 270�, the flow enters the heated portion of the channel sepa-
rated, with a liquid layer covering all four walls, surrounding a cen-
tral vapor core, and CHF occurs when the vapor effusion separates
the liquid layer adjacent to the heated wall. Overall, the interfacial
behavior seems quite similar for h = 90� and h = 270�. However,
CHF for the later is much smaller because buoyancy for this orien-
tation opposes the liquid flow.

Fig. 7(b) shows schematic representations of CHF- at
G/pf = 0.398 m/s and xe,in = 0.01. Here, interfacial behavior is similar
for all orientations and consistent with the Wavy Vapor Layer
Regime, proving that high mass velocity is an effective means for
overcoming the influence of orientation.
3.4. CHF regime maps

Fig. 8(a) and (b) summarize all CHF- regimes for xe,in = 0.01 in a
mass velocity – orientation plane for the inlet and outlet regions,
respectively. Shown in Fig. 8(a) are three clearly identifiable CHF-
regimes for the inlet region, with the Pool Boiling Regime prevailing
for the two lowest mass velocities at h = 45�, the Stratification Re-
gime for the lowest mass velocity at h = 135�, 180� and 225�, and
the Wavy Vapor Layer Regime for all other mass velocities and
orientations. Fig. 8(b) shows, for the outlet region, the Stratification
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Fig. 7. Schematic representation of interfacial behavior at CHF- for different flow orientations for (a) G/qf = 0.224 m/s and xe,in = 0.01, and (b) G/qf = 0.398 m/s and xe,in = 0.01.
Adapted from Konishi and Mudawar [42].
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Regime prevailing for the same orientations as the inlet region and
lowest mass velocity, and the Wavy Vapor Layer Regime for all other
mass velocities and orientations. Overall, Fig. 8(a) and (b) show
that all regimes other than the Wavy Vapor layer Regime are
encountered in downward-facing heated wall orientations and at
low mass velocities, where the influence of buoyancy is most
pronounced.

Comparing the present CHF- regime maps for xe,in = 0.01,
Fig. 8(a) and (b), with those of Zhang et al. [29] for xe,in 6 0,
Fig. 1(b), shows that xe,in > 0 offers greater resistance to buoyancy,
evidenced by a transition to the Wavy Vapor Layer Regime at lower
mass velocities.
4. CHF results

4.1. CHF trends

Fig. 9(a) and (b) show CHF variations with orientation for
xe,in = 0.01 and 0.19, respectively, for different mass velocities.
There are obvious similarities in these variations for different val-
ues of G/qf and xe,in, with higher CHF values achieved for upward-
facing heated wall orientations (h = 315�, 0�, and 45�) and low val-
ues for downward-facing heated wall orientations (h = 135�, 180�
and 225�). These trends are consistent in trend with those of Zhang
et al. [28,29] for xe,in 6 0. Another obvious trend for each xe,in is the
significant variation in CHF for low compared to high G/qf. For
example, the data in Fig. 9(a) corresponding to the two lowest
mass velocities of G/qf = 0.126 and 0.224 m/s, show appreciable
reduction in CHF for several orientations. For all downward-facing
heated wall orientations (h = 135�, 180� and 225�), weak inertia at
the two lowest mass velocities allows buoyancy to stratify the
vapor along the heated wall, resulting in very low CHF values.
CHF is also low for vertical downflow (h = 270�), where buoyancy
causes the vapor flow to impede that of the liquid, and compro-
mises liquid replenishment of the wall. The trends in Fig. 9(b) for
xe,in = 0.19 are similar to those for xe,in = 0.01, with higher CHF
values achieved for upward-facing heated wall orientations
(h = 315�, 0�, and 45�) and low values for downward-facing heated
wall orientations (h = 135�, 180� and 225�. However, CHF values
are higher for the higher inlet quality. Notice also that the influence
of orientation on CHF for G/qf = 0.398 m/s is greatly reduced for
xe,in = 0.19 compared to xe,in = 0.01. These trends point to increasing
mass velocity and inlet quality as two very effective means at com-
bating the influence of buoyancy on flow boiling CHF.

4.2. Interfacial Lift-off Model

Hydrodynamic instability of the liquid–vapor interface at CHF-
in accordance with the Wavy Vapor Layer Regime has been success-
fully modeled by a combination of three sub-models: (i) a sepa-
rated flow control volume model that is used to determine the
mean velocities of the vapor and liquid layers and thickness of
the vapor layer generated along the heat wall, (ii) a hydrodynamic
instability model that is employed to determine the wavelength of
the vapor–liquid interface, and (iii) an Interfacial Lift-off Criterion as
a trigger mechanism for CHF as shown in Fig. 10[42].

The Interfacial Lift-off Criterion is based on the observation that
the wavy vapor layer generated at CHF- causes dryout over much
of the heated wall save for wetting fronts corresponding to the
wave troughs, where the liquid is able to reach the wall. Liquid
contact with the wall is maintained by a pressure force associated
with interfacial curvature in the wetting fronts. CHF is postulated
to occur when the momentum of vapor in the wetting fronts per-
pendicular to the heated wall just exceed the pressure force, caus-
ing the interface to be lifted from the heated wall and precluding
any further liquid contact with the wall.

This model has been very effective at predicting flow boiling
CHF for both xe,in 6 0 [26–31,34–36] and xe,in > 0 [40,41]. A recent
study by the authors [42] provides details concerning all three
sub-models that are used to predict flow boiling CHF for different
orientations and xe,in > 0. This model is used in the present study
to determine flow conditions that cause the dominant Wavy Vapor
Layer Regime observed at high mass velocities, especially for high
xe,in, to be replaced by the more complex, buoyancy dominated Pool
Boiling Regime and Stratification Regime. Fig. 10(a) illustrates the
CHF- flow pattern corresponding to the Wavy Vapor Layer Regime.
The flow entering the heated portion of the channel consists of
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liquid layers covering all four channel walls surrounding a central
vapor core. A new vapor layer is generated along the heated wall at
CHF- beneath the liquid layer adjacent to the heated wall. As dis-
cussed in [42], the separated flow model is used to determine (i)
the mean thickness, Hf, and mean axial velocity, Uf, of liquid layer
adjacent to the heated wall, and (ii) the mean thickness, Hg, and
mean axial velocity, Ug, of the heated wall vapor layer. As discussed
below, these parameters are used in the instability model to deter-
mine the critical wavelength, kc , and CHF is predicted according to
the Interfacial Lift-off Model by the relation [42]

q00m ¼ qghfg
4prb sinðbpÞ

qg

" #1=2
d1=2

g

kc

�����
z�

; ð1Þ

where b = 0.2 and z� ¼ zo þ kcðz�Þ, where zo is the distance from the
leading edge of the heated wall to the location where the vapor
velocity just overcomes the liquid velocity. It is assumed hydrody-
namic instability generates the interfacial waves at z⁄, where the
wavy vapor layer begins to propagate along the heated wall. Both
dg and kc are calculated at z⁄.
Fig. 11 shows the variation of measured CHF with orientation
for the limiting mass velocities of G/qf = 0.126 and 0.995 m/s and
xe,in = 0.01. Also shown for G/qf = 0.995 m/s are CHF predictions
based on the Interfacial Lift-off Model, which are in good agreement
with the experimental data. For G/qf = 0.126 m/s, Fig. 11 also
shows predictions of the classical pool boiling model of Zuber
et al. [3],
q00m ¼ 0:131qghfg
rðqf � qgÞge cos h

q2
g

" #1=4

: ð2Þ
Fig. 11 includes predictions based on a relation by Nejat [43] for
CHF resulting from flooding,
q00m ¼ 0:36
L
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� �0:1 A
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� �
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�2
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ð3Þ
where L, Dh, A, and Ah are the heated length, hydraulic diameter,
channel cross-sectional area, and heated area, respectively. Notice
how, for the low mass velocity, Zuber et al. model provides good
predictions for horizontal and near-horizontal upward-facing
heated wall orientations (h = 315�, 0� and 45�).
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Fig. 10. (a) Schematic of separated layers at CHF- for high mass velocities. (b) idealized wavy vapor layer formation along heated wall at CHF-. (c) Interfacial Lift-off Criterion
applied to wetting front.
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5. Criteria for overcoming influence of gravity on flow boiling
CHF

5.1. Overall methodology

The method used to develop criteria for overcoming the effects
of gravity on flow boiling CHF with xe,in > 0 is based on the tech-
nique developed by Zhang et al. [29] for xe,in 6 0. The present crite-
ria for xe,in > 0 are complicated by the influence of inlet void
fraction. Introduced below are criteria for:

(1) Overcoming the influence of gravity perpendicular to the
heated wall based on hydrodynamic instability analysis of
the vapor–liquid interface,

(2) Overcoming the influence of gravity opposite to the fluid
flow. This gravity component governs vapor removal (or
flooding for low mass velocities and downflow orientations)
along the flow direction, and



xe,in

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20

G
/

f [
m

/s
]

0.0

0.4

0.8

1.2

1.6

2.0
FC-72

Po = 103.4 kPa
MAE = 2.17%

Orientation 
Dominated Region

G/ f

0.542 m/s
0.712 m/s
0.853 m/s
0.995 m/s
1.130 m/s

G/ f
min

Fig. 12. Determination of minimum G/qf necessary to negate effects of orientation
on CHF for different inlet qualities.

C. Konishi et al. / International Journal of Heat and Mass Transfer 65 (2013) 203–218 215
(3) Ensuring that the wavelength of the liquid–vapor interface is
smaller than the heated length to facilitate liquid contact
with wall.

5.2. Criterion for negating influence of component of gravity
perpendicular to heated wall

Classical instability theory are based on the assumption of a
sinusoidal vapor–liquid interface. Potential flow relations coupled
with appropriate velocity boundary conditions are imposed for
each phase as well as along the interface in between [44,45]. An-
other interfacial boundary condition is that pressure difference
due to the sinusoidal perturbation is balanced by surface tension.
This method results in the following relation for the critical wave-
length, kc, corresponding to a neutrally stable wave.

2p
kc

rðqf þ qgÞ
qf qgðUg � Uf Þ2

¼ 1
2

1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4

ðqf � qgÞðqf þ qgÞ
2rge cos h

q2
f q2

gðUg � Uf Þ4

vuut
8<
:

9=
;: ð4Þ

Eq. (4) indicates that interfacial instability is governed by the com-
bined influences of inertia, surface tension, and component of grav-
ity that is perpendicular to the heated wall. Eq. (4) also reveals that
the influence of gravity becomes negligible when

ðqf � qgÞðqf þ qgÞ
2rge cos h

q2
f q2

gðUg � Uf Þ4

�����
������ 1

4
; ð5Þ

which reduces Eq. (4) to

kc ¼
2prðqf þ qgÞ
qf qgðUg � Uf Þ2

: ð6Þ

Eq. (5) can also be presented in terms of the Bond and Weber
numbers,

Bo

We2

����
���� ¼ ðqf � qgÞðqf þ qgÞ

2rge cos h

q2
f q2

gðUg � Uf Þ4

�����
������ 1

4
; ð7Þ

where Bo ¼
ðqf � qgÞge cos hL2

r
ð8Þ

and We ¼
qf qgðUg � Uf Þ2L
ðqf þ qgÞr

: ð9Þ

Because the present data correspond to saturated inlet conditions,
the criterion for negating the influence of gravity perpendicular to
the heated wall is a function of inlet quality, xe,in. To develop a cri-
terion that a designer can employ without solving the detailed two-
phase flow field, a two-step approach is used. First, the criterion is
examined by replacing (Ug � Uf) in Eqs. (7) and (9) by the known
G/qf Next, the criterion is modified to account for xe,in.

Fig. 9(a) and (b) showed how CHF is greatly influenced by orien-
tation for low values of G/qf, especially for low inlet quality. By
increasing inlet velocity and quality, the variation in CHF between
orientations is shown to diminish. To develop a systematic criterion
for negating the influence of orientation, CHF data such as those
shown in Fig. 9(a) and (b) are filtered to determine, for each value
of G/qf and xe,in, if the CHF variations with orientation falls within
±25% of the average CHF for all orientations. Evidenced by the
trends in Fig. 9(a) and (b), low values of G/qf do not satisfy this cri-
terion. Fig. 12 shows, for all test conditions, the locus of minimum
G/qf values that satisfy the ±25% criterion decreases with increasing
xe,in. Also shown in the same figure are the data points that do sat-
isfy the minimum CHF variation. Notice that G/qf = 1.13 and
0.995 m/s show minimum dependence on orientation for all inlet
qualities. For G/qf = 0.853 m/s, the influence of orientation is
negligible for xe,in P 0.03 but begins to fall outside of the ±25%
bounds at xe,in = 0.01. Proceeding to G/qf = 0.712 and 0.542 m/s,
the quality required to negate the influence of orientation increases
to xe,in = 0.07 and 0.13, respectively. For G/qf 6 0.398 m/s, fluid
inertia is far too weak to overcome orientation effects even at high
inlet qualities. The locus of minimum G/qf values necessary to
negate orientation effects is fitted by the relation

G
qf

�����
min

¼ 0:584eð�15:75xe;inÞ þ 0:496; ð10Þ

with a mean absolute error (MAE) of 2.17%. For xe,in = 0, Eq. (10) pre-
dicts a minimum G/qf of 1.08 m/s.

Fig. 13(a) and (b) show the variations of Bo/We2 with orienta-
tion and velocity, where (Ug � Uf) is substituted by G/qf. For a fixed
G/qf, the magnitude of Bo/We2 is highest for horizontal flows, h = 0�
and 180�, where | cos h| = 1, and lowest for vertical flows, h = 90�
and 270�, where cos h = 0. Notice in Fig. 13(a) how the influence
of gravity is quite pronounced for G/qf = 0.126 and 0.224 m/s but
decreases appreciably for G/qf P 0.398 m/s. Fig. 13(b) shows vari-
ations of Bo/We2 for G/qf P 0.398 m/s, where low values of Bo/We2

point to a very weak influence of orientation for high mass
velocities.

Zhang et al. [29] developed a Bo/We2 criterion for negating the
influence of body force perpendicular to the heated wall for xe,in -
6 0 based on G/qf = 1.5 m/s, for which their database showed min-
imum CHF dependence on orientation. Since the present database
encompasses a broad range of xe,in, a new Bo/We2 criterion is devel-
oped using only data for which G/qf exceeds the minimum crite-
rion given by Eq. (10). Fig. 13(c) shows values of Bo/We2 for
conditions that negate orientation effects are represented for
| cos h| = 1 (corresponding to strongest orientation influence) by
the relation

Bo

We2 ¼
ðqf � qgÞðqf þ qgÞ

2rge

q2
f q2

gðG=qf Þ
4 � 0:230eð�67:03xe;inÞ þ 0:00249: ð11Þ
5.3. Criterion for negating influence of gravity component parallel to
heated wall

Zhang et al. [29] developed a criterion for negating the influence
of gravity parallel to the heated wall and opposite to the fluid flow
using an expression for rise velocity for a large coalescent slug bub-
ble relative to liquid [46],
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U1 ¼ 0:35
½ðqf � qgÞgej sin hjDh�1=2

q1=2
f

: ð12Þ

When U1 exceeds the liquid velocity, Uf,in, the vapor tends to flow
backwards relative to the liquid, and vapor stagnation along the
channel will occur when the two velocities are equal. The Vapor
Backflow and Vapor Stagnation Regimes are associated with flooding
as indicated for G/pf = 0.126 m/s in Fig. 11. A sufficient criterion for
negating flooding regimes U1 < Uf,in, which, for sin h = 1 (corre-
sponding to strongest orientation influence), can be presented in
terms of the Froude number,
1
Fr

����
���� ¼ ðqf � qgÞgeDh

qf U
2
f ;in

�����
����� � 8:16: ð13Þ

As discussed earlier, because xe,in > 0 in the present study, determin-
ing Uf,in in Eq. (13) requires solving the detailed two-phase flow
field. Therefore, the 1/Fr criterion is developed in a two-step ap-
proach. First, the criterion is examined by replacing Uf,in by the
known G/qf. Next, the criterion is modified to account for xe,in.

Fig. 14(a) and (b) show the variations of 1/Fr for different flow
velocities and orientations in the range of 180� < h < 360� prone
to flooding, where Uf,in is replaced by G/qf. The two figures show
the influence of gravity on 1/Fr greatly decreases with increasing
G/qf. Like the Bo/We2 criterion, this proves that high mass velocity
is the most effective means to overcoming flooding effects.
Fig. 14(c) shows values of 1/Fr for G/qf values that negate orienta-
tion effects are represented, for sin h = 1 (corresponding to stron-
gest orientation influence), by the relation

1
Fr
¼
ðqf � qgÞgeDh

qf ðG=qf Þ
2 � 0:0184eð�37:07xe;inÞ þ 0:0016: ð14Þ
5.4. Criterion for critical wavelength compared to heated length

Even when the criterion for negating the influence of gravity
perpendicular to the heated wall is satisfied, it is crucial that the
interfacial wavelength be smaller than the heated length, i.e.,
kc 6 L, to enable liquid contact with the heated wall. Using the
expression for kc from Eq. (6), this criterion can be expressed as a
Weber number criterion,

We ¼
qf qgðUg � Uf Þ2L
ðqf þ qgÞr

� 2p: ð15Þ

As with the previous two criteria, the heated length criterion is
modified by replacing (Ug � Uf) in the definition of We by G/qf. Next,
the criterion is modified to account for xe,in by examining only G/qf

values that negate orientation effects as shown in Fig. 15(a),

We ¼
qf qgðG=qf Þ

2L
ðqf þ qgÞr

� 1015eð8:682xe;inÞ � 595:2: ð16Þ
5.5. Dominant mechanism for negating gravity effects

Notice that Eqs. (11), (14), and (16) point to increasing G/qf as
the most effective means to satisfying all three criteria for negating
the influence of gravity on CHF. The same equations prove that a
smaller G/qf is required when increasing xe,in. The three criteria
are now combined to determine which criterion is dominant for
different gravity fields, and the corresponding minimum G/qf. This
minimum value is of paramount importance to thermal manage-
ment in both terrestrial and space applications since it corresponds
to the minimum pumping power required to prevent CHF while
avoiding the aforementioned flow anomalies.

Fig. 15(b) shows the minimum mass velocity required to satisfy
each of the three criteria as a function of g/ge, the prevailing gravity
nondimensionalized by Earth’s gravity. For each of the three crite-
ria, G/qf is computed for a range of xe,in values.

For subcooled conditions (xe,in 6 0), the minimum G/qf is domi-
nated by the flooding criterion (gravity component parallel to
heated wall) for g/ge > 1.2, and instability criterion (gravity compo-
nent perpendicular to heated wall) for g/ge < 1.2. The heated length
criterion is dominant only for very small values of g/ge, including
microgravity, and the transition between this criterion and the
instability criterion is a function of the heated length, with shorter
length requiring a greater G/qf. Notice that the minimum G/qf in
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Lunar, Martian and Earth environments is dominated by the insta-
bility criterion. Fig. 15(b) shows that the minimum G/qf decreases
monotonically with increasing xe,in for all three criteria.
6. Conclusions

This study explored the influence of orientation on flow boiling
CHF with two-phase inlet conditions. Using FC-72 as working fluid,
different CHF regimes were identified for different orientations,
mass velocities and inlet qualities. These results were used to de-
velop dimensionless criteria for negating the influence of gravity
on CHF. Key findings from the study are as follows:
1. Orientation has an appreciable influence on CHF for low mass
velocities (G/qf 6 0.224 m/s), resulting in a number of CHF
regimes, including Pool Boiling, Stratification and Wavy Vapor
Layer. On the other hand, only the Wavy Vapor Layer Regime is
prevalent at high mass velocities. Overall, the influence of ori-
entation on CHF is insignificant in the limit of very high mass
velocity, especially with high inlet quality.

2. Negating the influence of orientation on CHF is achieved by
simultaneously satisfying three separate criteria: overcoming
the influence of gravity perpendicular to the heated wall, over-
coming the influence of gravity parallel to the heated wall, and
ensuring that the wavelength of the liquid–vapor interface is
smaller than the heated wall to facilitate liquid contact with wall.

3. The three criteria for negating the influence of orientation on
CHF can be combined to determine the minimum mass velocity
required to negate gravity effects in any gravitational environ-
ment. This minimum is crucial to the design of thermal man-
agement systems in both terrestrial and space applications
since it corresponds to the minimum pumping power required
to operate safely below CHF.
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