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a b s t r a c t

This study explores the mechanism of flow boiling critical heat flux (CHF) for FC-72 in a rectangular chan-
nel fitted along one side with a heated wall. The flow is supplied as a two-phase mixture and the channel
is tested at different orientations relative to Earth’s gravity. High-speed video imaging is used to identify
the CHF trigger mechanism for different orientations, mass velocities and inlet qualities. It is shown that
orientation has a significant influence on CHF for low mass velocities and small inlet qualities, with the
orientations surrounding horizontal flow with downward-facing heated wall causing stratification of the
vapor towards the heated wall and yielding very small CHF values. High mass velocities cause appreciable
diminution in the influence of orientation on CHF, which is evidenced by similar flow patterns and CHF
trigger mechanism regardless of orientation. The interfacial lift-off model is shown to predict the influ-
ence of orientation on CHF with good accuracy. Overall, this study points to the effectiveness of high mass
velocities at combating buoyancy effects and helping produce CHF values insensitive to orientation.

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

1.1. Importance of two-phase flow and heat transfer to future space
missions

As the attention of space agencies worldwide is shifting to more
complex and more distant missions, including manned missions to
Mars, greater emphasis is being placed on efficiency of power uti-
lization onboard both space vehicles and future planetary bases. A
key tactic towards achieving this goal is to reduce the weight and
volume of all subsystems. These include several components that
are intended specifically for thermal management. One means to
achieving this goal is to transition from single-phase to two-phase
thermal management. By capitalizing upon the merits of latent
heat of the working fluid rather than sensible heat alone, two-
phase systems are expected to yield orders of magnitude enhance-
ment in evaporation and condensation heat transfer coefficients
compared to single-phase systems, which would result in drastic
reductions in the weight and volume of thermal management
hardware [1].

Thermal management plays a crucial role in supporting astro-
naut life onboard space vehicles and planetary bases. Thermal
management systems are responsible for controlling the tempera-
ture and humidity of the environment using a Thermal Control Sys-
ll rights reserved.
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tem (TCS), and fall into three main categories [2]. Heat acquisition
components acquire energy from a heat-producing source. Heat
transport components move the energy from the heat acquisition
component to heat rejection hardware. Heat rejection components
reject the heat from the TCS to deep space by radiation. There are
also other specialized subsystems, such as refrigerator/freezer com-
ponents that provide cooling for science experiments and food
storage, and water recovery components that transfer crew and sys-
tem wastewater into potable water for crew and system reuse.

Understanding the influence of gravity on two-phase flow and
heat transfer is crucial to the development of space power for fu-
ture missions. For example, NASA’s Fission Power System (FPS)
program aims to develop a fission system for use on advanced sci-
ence missions, which would provide both very high power and
very low mass to power ratio [3]. The Rankine cycle is one example
of a high power system (>100 kW) that promises high thermal effi-
ciency and enables high performance nuclear electric propulsion
for distant cargo and human missions. But before the Rankine cycle
can achieve fruition, the influence of microgravity on fluid physics
must be well understood. This includes critical heat flux (CHF) in
the boiler, and shear driven condensation heat transfer.
1.2. Influence of gravity

The influence of gravity is exasperated in a two-phase system
by the large density difference between liquid and vapor. This dif-
ference plays a crucial role in dictating the motion of vapor relative

http://dx.doi.org/10.1016/j.ijheatmasstransfer.2013.01.076
mailto:mudawar@ecn.purdue.edu
https://www.engineering.purdue.edu/BTPFL
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2013.01.076
http://www.sciencedirect.com/science/journal/00179310
http://www.elsevier.com/locate/ijhmt


Nomenclature

A cross-sectional area of flow channel
Aw area of wetting front
b ratio of wetting front length to wavelength
c wave speed
Cf,i interfacial friction coefficient
cp specific heat at constant pressure
D diameter
f friction factor
G mass velocity
ge Earth gravity
H height of flow channel; layer thickness
hfg latent heat of vaporization
k wave number
_m mass flow rate
_m0fg liquid evaporation rate between heated wall liquid and

vapor layers
p pressure
Pe electric power input to second preheater
Pi interfacial perimeter
Pw perimeter in contact with channel walls
q’’ wall heat flux
q00m critical heat flux
Re Reynolds number
T temperature
t time
U mean axial velocity
ui interfacial velocity
W width of flow channel
xe thermodynamic equilibrium quality
xf liquid mass flow fraction
y coordinate normal to heated wall
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
a vapor (area-based) void fraction
d vapor layer thickness
ef liquid area fraction
h interfacial perturbation
q flow orientation angle
kc critical wavelength
l dynamic viscosity
q density
q00 modified density
r surface tension
si interfacial shear stress
sw wall shear stress

Subscripts
1 insulated wall liquid layer
2 middle vapor core
3 heated wall liquid layer
4 heated wall wavy vapor layer
exp experimental (measured)
f saturated liquid
g saturated vapor
i interface
in inlet to heated portion of flow channel
k phase k, k = g or f
n normal to heated wall
pred predicted
preh upstream of second preheater
w wall; wetting front.
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to liquid, thereby influencing heat transfer effectiveness. Flow boil-
ing CHF is an important heat transfer design parameter that exhibits
complex variations with the magnitude of gravitational field. The
challenge in designing a thermal management system is to make
certain that the prevailing boiling heat flux is safely below CHF,
which explains the importance space system design engineers place
on precise determination of the influence of both flow conditions
and gravity on CHF. This is especially the case for high-flux, heat-
flux-controlled electronic and power devices, where CHF occurrence
can lead to device burnout or other forms of permanent damage.
This risk explains a recent surge in the number of published articles
addressing means to enhance CHF using a variety of configurations,
including spray [4–7], jet [8–11], and micro-channel cooling
schemes [4,12–15], and surface enhancement techniques [16].

A key strategy in designing two-phase components for space
missions is to develop tools that enable the prediction of flow con-
ditions (e.g., coolant flow rate) that would ensure insensitivity of
evaporation or condensation to gravity [1,17,18] for the relevant
gravity range important to a particular space system or mission,
as illustrated in Fig. 1. This would allow existing data, correlations,
and models developed from ground-based 1 � ge studies to be em-
ployed with confidence for design of reduced gravity and micro-
gravity thermal management systems.

Researchers employ a variety of techniques to assess the impor-
tant influence of gravity on flow boiling CHF. These include con-
ducting ground-based experiments at different flow orientations
relative to Earth’s gravity [17,18]. Microgravity is achieved in drop
tower and drop shaft experiments, which provide a high degree of
control of residual gravity, but are too short (less than 10 s) to
achieve steady two-phase flow or to collect sufficient amounts of
data for statistical analysis without a significant number of repet-
itive drops [2]. Aircraft parabolic flight tests offer significant
advantages over drop tower and drop shaft tests, including longer
test duration (up to 25 s), larger and more complex test packages,
and ability of the experimenter to interact with the test [1]. Space
Shuttle experiments provided an ideal testing environment be-
cause of the ability to accommodate long-duration experiments
with good control of residual gravity. Since the recent abandon-
ment of Space Shuttles, the International Space Station (ISS) has
become the sole platform for conduction long duration micrograv-
ity experiments.

Researchers at the Purdue University Boiling and Two-Phase
Flow Laboratory (PU-BTPFL) have been involved in several NASA-
supported initiatives to explore the influence of gravity on both
flow boiling and condensation. These studies are initiated with
ground experiments, by exploring the effects of flow orientation
relative to Earth’s gravity [17,18]. The same hardware is then
tested in parabolic flight experiments [1]. Both types of tests are
used to assist the design of test hardware for future experiments
onboard the ISS. The present study concerns flow boiling CHF find-
ings from ground-based 1 � ge experiments.

1.3. Mechanisms of flow boiling CHF

Four different mechanisms have been proposed to trigger flow
boiling CHF: Boundary Layer Separation, Bubble Crowding, Sublayer



Fig. 1. Examples of systems demanding predictive models of the effects of gravity on two-phase flow and heat transfer.
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Dryout, and Interfacial Lift-off. The Boundary Layer Separation Mod-
el is built on the hypothesis that CHF will occur when the rate of
vapor production normal to a heated wall attains a critical value
that triggers a sharp reduction in liquid velocity gradient near
the wall, which precipitates separation of the liquid from the wall
[19,20]. The Bubble Crowding Model is based on the premise that
CHF occurs when the bubbly wall layer becomes too thick to per-
mit turbulent fluctuations in the core liquid to supply a sufficient
amount of liquid to the wall [21,22]. The Sublayer Dryout Model
is based on the premise that, near CHF, the wall is cooled by a thin
sublayer that forms beneath oblong, coalescent vapor bubbles at
the wall, and that CHF will occur when heat from the wall exceeds
the enthalpy of bulk liquid replenishment of the sublayer [23]. The
interfacial lift-off model [24,25] is built upon the observation that,
prior to CHF, the vapor coalesces into a fairly continuous but wavy
vapor layer at the wall. The wavy interface makes contact with the
heated wall in ‘wetting fronts’ corresponding to the wave troughs,
which provide partial cooling of the wall. The trigger mechanism
for CHF according to the interfacial lift-off model is ‘lift-off’ of
the wetting fronts from the wall due to intense vapor effusion.

It is important to note that the majority of flow boiling CHF
studies have been conducted in vertical upflow, where buoyancy
plays the important role of assisting the removal of coalescent va-
por masses from the wall. The vapor removal, liquid replenishment
of the wall, and CHF mechanism are greatly altered when the flow
channel is rotated away from the vertical upflow orientation.
Zhang et al. [17,18] examined the influence of flow orientation
for flow boiling with zero inlet vapor void in a rectangular channel
that was heated along one side. They observed several distinct
mechanisms for CHF depending on the combined effects of flow
velocity, flow orientation, and placement of the heated wall rela-
tive to gravity. The influence of orientation was especially signifi-
cant at low inlet liquid velocities, where buoyancy could
overcome the drag forces exerted by the liquid on the coalescent
vapor bubbles; the drag forces are essential to both the vapor re-
moval and liquid replenishment of the wall. This observation is
in general agreement with several prior studies involving the influ-
ence of flow orientation on CHF [26–28]. At low velocities, CHF for
horizontal flow with an upward-facing heated wall resembled pool
boiling. On the other hand, CHF for horizontal flow with a down-
ward-facing heated wall resulted in stratification of vapor above li-
quid. CHF for the downflow orientation was highly dependent on
the relative magnitude of buoyancy and liquid drag, and was trig-
gered by flooding when the buoyancy overcame the drag force. The
detrimental influence of buoyancy was evidenced by CHF values
for certain orientations being much smaller than those for vertical
upflow. For vertical upflow, CHF was dominated by only one mech-
anism, interfacial lift-off. The complex influence of orientation on
CHF encountered at low velocities was virtually eliminated above
a threshold velocity. Above this threshold, the Interfacial Lift-off
mechanism was observed for all orientations and virtually identi-
cal CHF values were measured regardless of orientation. In a sub-
sequent study, Zhang et al. performed similar flow boiling
experiments in parabolic flight to simulate microgravity [1]. In
the absence of buoyancy, CHF was triggered by interfacial lift-off
even at the low velocities that precipitated the afore-mentioned
complex regimes in the ground experiments.

Recently, Kharangate et al. extended the ground tests of Zhang
et al. [17,18] to operating conditions where the fluid entered the
channel in saturated state with finite vapor void for vertical upflow
[29] and horizontal flow with the heated wall upward-facing [30].
The inlet void caused an appreciable increase in liquid velocity
along the flow channel, which increased the magnitude of liquid
drag forces. Despite the complicated flow pattern caused by the
incoming two-phase mixture, CHF for both orientations was pre-
dicted with good accuracy using a modified form of the interfacial
lift-off model.

The present study is a continuation of the ground-based studies
of flow boiling CHF for different orientations begun by Zhang et al.
[17,18] for subcooled and saturated liquid inlet conditions, and the
more recent vertical and horizontal studies by Kharangate et al.
[29,30] for saturated two-phase mixture inlet conditions. The pres-
ent study is focused on saturated two-phase mixture inlet condi-
tions similar to those in [29,30], but covers all flow orientations
relative to Earth’s gravity. Saturated inlet conditions are important
for space applications where a number of heat dissipating
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electronic or power modules are cooled in series using a single
two-phase flow loop. While upstream modules can take advantage
of subcooled flow boiling, both the sensible and latent heat of the
coolant are gradually depleted, and the downstream modules may
be exposed to a two-phase mixture. In the present study, high-
speed video imaging is used to capture interfacial behavior at wall
heat fluxes up to and including CHF. The primary objectives of the
present study are to: (1) identify CHF mechanisms associated with
different orientations for varying mass velocity and inlet quality,
and (2) explore the effectiveness of the interfacial lift-off model
in predicting the new CHF data.
2. Experimental methods

2.1. Flow loop

Fig. 2(a) shows a schematic of the two-phase flow loop that is
configured to condition the working fluid, FC-72, to the desired
pressure, mass velocity, and quality at the inlet to the main flow
boiling test module. The bulk of the FC-72 liquid is contained in
a reservoir that is fitted with both an electrical immersion heater
and a water-cooled condensation coil. Prior to testing, the FC-72
is de-aerated by vigorous boiling with the aid of the immersion
heater. The non-condensable gases are purged to the ambient
using a vacuum pump as the FC-72 is recaptured by condensation
in the upper part of the reservoir. The coolant is circulated through
the flow loop using a gear pump. Exiting the pump, the coolant
passes through a filter followed by a turbine flow meter. The liquid
then enters two in-line electric heaters – preheaters – connected in
series before entering the flow boiling module. Each of the in-line
heaters is powered by a 115-W variac to regulate power input to
the liquid. The first preheater raises the liquid temperature to a le-
vel close to, but below saturation temperature, while the second
preheater heats the fluid to a saturated mixture with a prescribed
quality at the inlet to the flow boiling module. The quality at the
inlet to the flow boiling module is determined from measurements
of liquid temperature, Tpreh, and pressure, ppreh, upstream of the
second preheater, and electrical power input, Pe, to the second pre-
heater according to the relation

xe;in ¼ �
cp;f ðTsat � TprehÞ

hfg
þ Pe

_mhfg
: ð1Þ

In Eq. (1), Tsat is the coolant saturation temperature corresponding
to the pressure measured upstream of the preheater.

Exiting the flow boiling module, the two-phase mixture is
passed through an air-cooled heat exchanger to return the fluid
to liquid state. A nitrogen-filled accumulator is situated between
the heat exchanger and the reservoir to provide a controlled refer-
ence pressure point for the entire loop. The accumulator contains
stainless steel bellows that accommodate any expansion or con-
traction of the FC-72.

2.2. Flow boiling module

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. As shown in Fig. 2(b),
the flow boiling module consists of two transparent polycarbonate
plastic (Lexan) plates that are bolted together between two stain-
less steel support plates; the purpose of the latter plates is help
prevent buckling of the plastic plates or fluid leaks. A rectangular
flow channel is formed by milling a 5.0-mm high by 2.5-mm wide
slot into the top plastic plate. A portion of the opposite plastic plate
is milled out to insert a 0.56-mm thick, 6.5-mm wide and 101.6-
mm long oxygen-free copper plate that serves as the heated wall
for the flow boiling module. The heated plate is positioned 106
hydraulic diameters from the inlet to help ensure fully developed
flow at the upstream edge of the heated wall. A honeycomb insert
is affixed upstream of the channel inlet to break up any large inlet
eddies and help straighten the flow. A flexible Teflon cord is
trapped in an o-ring groove between the two plastic plates to pre-
vent any leaks. The interface between the copper plate and the
lower plastic plate is sealed with high-temperature silicone rubber.

As shown in Fig. 2(c), the copper wall is heated by a series of six
4.0-mm wide and 16.1-mm long thick-film resistors. The resistors
are soldered to the underside of the copper plate and connected in
a parallel electrical circuit, powered by a single 115-V variac. The
resistors are carefully selected from a batch of resistors to match
an exact electrical resistance of 188 X to ensure uniform heat flux
along the copper wall. The copper wall temperature is measured by
a series of five type-K thermocouples that are inserted in small
shallow holes between the resistors. As discussed in [1], this
heated wall design ensures both reliable CHF measurement and
fast temperature response, typically in less than 5 s. Fluid temper-
ature and pressure are measured by type-K thermocouples and
pressure transducers, respectively, both upstream and down-
stream of the heated wall.

The test module is mounted on an aluminum bracket that fea-
tures a 0-360� swivel. This bracket, along with the flow loop com-
ponents, power and instrumentation cabinets, and data acquisition
system, are mounted in a single rigid aluminum frame.

2.3. Flow visualization techniques

A Photron Fastcam Ultima APX camera system, which has a
shutter speed of 1/20,000 s, is used to capture interfacial behavior
along the flow boiling channel at a frame rate of 4000 fps. High
magnification is achieved with the aid of a Nikon Micro-Nikkor
105 mm f/8D autofocus lens. The camera is positioned normal to
the side of the flow-channel, backlit from behind the channel. Vi-
deo imaging is performed at the inlet, middle, and outlet portions
of the heated wall at various heat fluxes up to and including CHF.
Each of the video images presented in this study corresponds to
approximately one-fifth the length of the heated wall.

2.4. Operating conditions and measurement accuracy

Flow boiling tests are performed in eight flow orientations as
illustrated in Fig. 3. For all the orientations, the flow radiates out-
wards, and the placement of the heated wall (indicated by a black
rectangular strip), along with the flow orientation, produce pre-
dominantly upflow or downflow with the heated wall facing either
upwards or downwards relative to Earth’s gravity. For each orien-
tation, tests are attempted at nine values of mass velocity, with G/
qf = 0.126, 0.224, 0.315, 0.398, 0.542, 0.712, 0.850, 0.995 and
1.130 m/s. Pressure at the outlet from the heated wall is held con-
stant at 103 kPa (15 psia) for all the tests. For each mass velocity,
the inlet temperature and outlet pressure are first adjusted to
desired values, and the preheater power, Pe, is progressively in-
creased to span an inlet quality range of xe,in = 0.01 � 0.19.

During the tests, the electrical power input to the heated wall is
increased in small increments and the electrical power, flow rate,
temperature and pressure measurements are recorded only after
conditions in the flow boiling channel and entire flow loop reach
steady state. This procedure is repeated up to CHF, which takes
the form of a sudden unsteady rise in wall temperature initiated
at any of the wall thermocouple locations.

Pressure is measured both upstream and downstream of the
heated wall of the flow boiling module as well as at other locations
along the loop by pressure transducers having an accuracy of
0.01%. Temperatures are measured along the heated wall as well



Fig. 2. (a) Schematic of two-phase flow loop. (b) Flow channel assembly. (c) Construction of heated wall.
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as upstream and downstream of the heated wall and at various
points along the loop using type-K thermocouples with an uncer-
tainty of 0.3 �C. The uncertainty in the heat flux measurement is 0.2%.
3. Flow visualization results

Emphasis during the flow visualization experiments is placed
on capturing interfacial behavior at conditions that precede CHF
in order to identify the CHF trigger mechanism. These conditions
are captured at about 95% CHF (termed CHF- hereafter) to avoid
the risk of physical wall burnout.

Fig. 4(a) shows a polar composite of photos captured in the out-
let region of the heated portion of the channel at CHF– for G/
qf = 0.224 m/s and inlet quality of xe,in = 0.01. There are similarities
in CHF mechanism corresponding to certain ranges of orientation
angles. The first range includes h = 315�, 0�, and 45�, orientations
surrounding horizontal flow with upward-facing heated wall.
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Fig. 3. Flow orientation nomenclature. Heater location for each orientation is
indicated by a black rectangular strip.
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Buoyancy causes clear separation between the phases at the chan-
nel inlet, with the vapor residing above the liquid, and this separa-
tion persists along the heated portion of the channel. At CHF-, there
is appreciable vapor production within the liquid layer flowing
along the heated wall. CHF appears to be triggered by the vapor
beginning to separate the liquid layer from the wall. For h = 90�,
corresponding to vertical upflow, the flow enters the flow sepa-
rated, with liquid covering both the heated wall and opposite insu-
lated wall, as well as the front and back walls, surrounding a
central vapor core. This pattern persists along the heated portion
of the channel, but with the liquid layer along the heated wall
undergoing appreciable vapor production. Here too, CHF occurs
G/ f = 0.224 m/s, xe,in = 0.01
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Fig. 4. Photos of interfacial behavior captured in the outlet region of the heated portio
xe,in = 0.01, and (b) G/qf = 0.398 m/s and xe,in = 0.01.
when the vapor production causes separation of the liquid layer
adjacent to the heated wall. For h = 135�, 180� and 225�, orienta-
tions surrounding horizontal flow with downward-facing heated
wall, there is clear stratification of vapor above liquid, which starts
at the channel inlet and persists along the heated portion of the
channel. With the vapor layer covering the heated wall, CHF for
these orientations is quite small, especially for h = 225�, which cul-
minates in a vanishingly small CHF value of only 1.85 W/cm2. For
h = 270�, corresponding to vertical downflow, like vertical upflow,
the flow enters the flow with liquid covering the heated wall,
opposite insulated wall, and front and back walls, surrounding a
central vapor core. This pattern also persists along the heated por-
tion of the channel, and CHF occurs when vapor production begins
to separate the liquid layer adjacent to the heated wall. Despite
seemingly identical flow patterns, there is a fundamental differ-
ence between the flows for h = 90� and h = 270� because of the
buoyancy serving to assist vapor removal along the channel for
the former and resist the vapor removal for the latter. This differ-
ence is responsible for the h = 270� orientation producing lower
CHF, 10.3 W/cm2, compared to that for h = 90�, 13.7 W/cm2.

Interfacial flow behavior for h = 270� is especially complex for
flow boiling systems. In a previous study by Zhang et al. [17] involv-
ing CHF with the coolant entering the channel in pure liquid state,
three possible CHF regimes were observed at h = 270� at low flow
velocities. At 0.1 m/s, strong buoyancy effects overcame any drag
or shear forces exerted by the liquid, causing the vapor to flow back-
wards (i.e., vertically upwards) along the channel. As the flow veloc-
ity was increased, a balance was achieved between the buoyancy
and liquid forces, causing the vapor to stagnate along the channel.
Increasing the liquid velocity further caused the liquid drag and
shear forces to exceed buoyancy, and the vapor to flow concurrently
with the liquid. Interestingly, only the third concurrent vapor flow
regime is observed in the present study, apparently because of the
increasing magnitude of effective liquid velocity and therefore the li-
quid drag and shear forces when the fluid is supplied to the channel
as a two-phase mixture rather than pure liquid.

Fig. 4(b) shows a polar composite of photos captured in the out-
let region of the heated portion of the channel at CHF– for a higher
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Fig. 5. 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.
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mass velocity with G/qf = 0.398 m/s and inlet quality of xe,in = 0.01.
There appears to be appreciable diminution of the influence of
buoyancy for all orientations. Here, interfacial behavior appears
to be virtually identical for all orientations and similar to that for
h = 90� for the lower mass velocity in Fig. 4(a).
Figs. 5(a) and (b) show schematic diagrams representing inter-
facial behavior observed at CHF- for G/qf = 0.224 and 0.398 m/s,
respectively, at xe,in = 0.01. To simplify the schematic representa-
tions, only orientations corresponding to 90� orientation incre-
ments are shown. Cross-sectional depictions are provided for the
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flow both upstream and downstream of the heated portion of the
channel.

For G/qf = 0.224 m/s, Fig. 5(a), and h = 0�, the flow enters the
channel stratified, with the vapor flowing above the liquid. At
CHF-, intense vapor effusion at the heated wall begins to separate
the liquid layer, ultimately causing unsteady rise in the wall tem-
perature. At h = 90�, the flow enters the channel with a thin liquid
layer sheathing all four walls of the channel, surrounding a central
vapor core. At CHF-, vapor effusion along the heated wall begins to
separate the wall layer adjacent to the heated wall. Notice that, un-
like the flow at h = 0�, a thin liquid film continues to sheath the
three insulated walls of the channel even at CHF-. At h = 180�,
the flow enters the channel stratified but unlike h = 0�, the vapor
is now adjacent to the heated wall. The heated wall receives minor
cooling from remnants of liquid that are broken off the liquid layer
and able to reach the top heated wall, but CHF is fairly small be-
cause of the limited access of liquid to the heated wall. For
h = 270�, the flow enters the channel separated, with a wall liquid
layer surrounding a central vapor core. At CHF-, the momentum of
vapor perpendicular to the heated wall causes separation of the li-
quid layer adjacent to the heated wall. Overall, the interfacial
behavior at h = 270� appears similar to that at h = 90�, however,
as will be discussed later, these orientations produce different
CHF values because of the liquid shear and drag forces exerted in
0.224

0.398

0.224

0.398

0.224

0.398

0.224
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Fig. 6. Video images of flow boiling in inlet region for different orientations at xe,in = 0.01
images correspond to conditions for which video images are not available. The heated w
the same direction as buoyancy at h = 90� but opposite to buoyancy
at h = 270�.

Fig. 5(b) shows schematics for CHF- at G/qf = 0.398 m/s and
xe,in = 0.01. Notice here that the interfacial behavior is similar for
all orientations and reminiscent of that observed at h = 90� for G/
qf = 0.224 m/s. This points to the effectiveness of high flow veloci-
ties at overcoming the influence of orientation. The similarity in
interfacial behavior for different orientations at G/qf = 0.398 m/s
is indicative of (a) similarity in CHF mechanism and (b) diminution
of the influence of orientation, but does not necessarily translate to
equal CHF values for this mass velocity. This important issue of
CHF magnitude will be discussed later.

As will be discussed later, the inlet region plays a crucial role in
CHF development. Fig. 6 depicts video images of the inlet region for
different orientations at xe,in = 0.01 and zero wall heat flux, 50% CHF
and 95% CHF for G/qf = 0.224 and 0.398 m/s. For the upward facing
heated wall orientations, h = 315, 0, and 45�, and zero heat flux, a
vapor layer is shown residing above a liquid layer due to buoyancy.
At 50% CHF, bubbles are shown nucleating and coalescing together
within the liquid layer adjacent to the heated wall. Buoyancy ap-
pears to drive the coalescent bubbles to the liquid-vapor interface,
where they are released into the vapor layer above. For the same
orientations, there are visible differences between interfacial con-
ditions at G/qf = 0.224 m/s versus 0.398 m/s. The higher shear
HF 95% CHF

and zero wall heat flux, 50% CHF and 95% CHF at G/qf = 0.224 and 0.398 m/s. Missing
all is indicated by a rectangular black strip.
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stresses associated with the higher velocity appear to thin the
heated wall liquid layer and cause axial stretching of the coalescent
vapor layers. This behavior is indication of the aforementioned
diminution of the influences of buoyancy and orientation in gen-
eral on interfacial behavior. At 95% CHF, there is a clear separation
of the liquid layer from the heated wall and formation of a vapor
layer between the liquid and the heated wall. For the vertical up-
flow orientation, h = 90�, zero heating results in a flow pattern con-
sisting of a liquid layer sheathing both the heated wall and
opposite insulating wall, surrounding a central vapor core, with
the interface of the liquid layer marred by roll waves, especially
for G/qf = 0.224 m/s. At 50% CHF, bubbles are shown forming in
the liquid layer adjacent to the heated wall, coalescing together,
and bursting into the vapor core. For the downward heated wall
orientations, h = 135�, 180�, and 225�, with zero heat flux, a vapor
layer is shown stratified by buoyancy against the heated wall
above a liquid layer, with the interface in between marred by roll
waves. Despite this stratification, remnants of liquid deposited
from the wavy interface onto the heated wall appear to form thin
patches of liquid along the heated wall. At 50% CHF, bubbles form
along the heated wall within the liquid patches, which appear to
serve as the sole, albeit weak source for wall cooling. At 95% CHF,
there is appreciable loss of liquid at the heated wall because of
the loss of liquid patches by evaporation. As discussed later, these
orientations are associated with unusually low CHF values, espe-
cially for G/qf = 0.224 m/s. For the vertical downflow orientation,
h = 270�, the flow appears to resemble that for vertical upflow,
h = 90�. However, given that the direction of buoyancy is opposite
to that of liquid shear and drag forces for h = 270�, CHF values for
h = 270� are smaller than for h = 90� as will be discussed next.

4. CHF results

Fig. 7(a) shows a polar plot of CHF data measured at all orienta-
tions for velocities ranging from G/qf = 0.126 to 1.130 m/s and an
inlet quality of xe,in = 0.01. Notice how the influence of orientation
is very pronounced for the two lowest velocities of G/qf = 0.126 and
)

5

10

25

30

G/ f (m/s)
0.126
0.224
0.398
0.712
1.130

15

20

xe,in

0.01
0.01
0.01
0.01
0.01

m

(a) (b

Fig. 7. Variation of CHF with orientation for different m
0.224 m/s, especially at h = 225�, where CHF values are vanishingly
small. The middle velocity of G/qf = 0.398 m/s marks the onset of
diminution of orientation effects. The influence of orientation de-
creases further for the two higher velocities of G/qf = 0.712 and
1.130 m/s, despite a persistent residual influence, with orientations
involving a combination of upflow and/or upward-facing heated
wall (h = 0�, 45� and 90�) producing higher CHF than downflow
and/or downward-facing heated wall (h = 180�, 225� and 270�).

Fig. 7(b) shows a polar plot of CHF data for velocities ranging
from G/qf = 0.126 to 0.712 m/s at a much greater inlet quality of
xe,in = 0.19. Like Fig. 7(a), the influence of orientation for the lowest
velocity of G/qf = 0.126 m/s is very pronounced, yielding a vanish-
ingly small CHF value for h = 225�. But unlike Fig. 7(a), the effect of
orientation is noticeably weakened for G/qf = 0.224 m/s at
xe,in = 0.19 compared to xe,in = 0.01. The influence of orientation de-
creases further for the two higher velocities of G/qf = 0.398 and
0.712, despite the afore-mentioned residual influence of orienta-
tion. Comparing Figs. 7(a) and (b) shows that, for equal G/qf,
increasing inlet quality reduces the sensitivity of CHF to orienta-
tion, which can be explained by the higher velocities of individual
layers of the flow at higher xe,in greatly increasing the magnitude of
shear and drag forces compared to buoyancy.

5. CHF prediction method

5.1. Determination of liquid and vapor layer velocities and thicknesses

As discussed earlier, CHF occurrence is a strong function of the
relative magnitude of forces influencing the motion of individual
liquid and vapor layers both along the channel and perpendicular
to the heated wall. Determining the magnitude of these forces re-
quires the determination of velocities and thicknesses of the indi-
vidual layers. In this study, these parameters are determined using
the control volume method, which consists of applying mass,
momentum and energy conservation laws to control volumes
encompassing the liquid and vapor phases separately as well as
the combined flow. The control volume method proved highly
)
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effective in predicting two-phase behavior for separated flows in
several past studies [1,17,18,24,25,28–34].

The video images described earlier show different flow patterns
prevailing at CHF- for different velocities, inlet qualities and orien-
tations. Because of the long-term focus of this study of determining
CHF for flow boiling in microgravity, as well as determining mini-
mum flow conditions that would cause appreciable diminution of
the influence of gravity, the present control volume analysis is
based on the flow pattern depicted in Fig. 5(b), which is encoun-
tered at higher velocities irrespective of orientation.

The separated flow pattern observed at CHF- at relatively high
velocities and depicted in Fig. 5(b) consists of a flow entering the
channel with a liquid film sheathing all four channel walls sur-
rounding a central vapor core. Along the heated wall, the liquid
layer begins to separate from the wall as a vapor layer begins to
form underneath. Fig. 8 shows a more detailed rendering of the
same flow pattern, and identifies the individual layers of the sepa-
rated flow along the heated wall: liquid layer 1 along the three adi-
abatic walls of the channel, central vapor layer 2, liquid layer 3
adjacent to, but separated from the heated wall, and vapor layer
4 at the heated wall beneath liquid layer 3. Unlike similar recent
formulations by Kharangate et al. [29,30], the present separated
flow model accounts for the varying influence of gravity for the dif-
ferent orientations.

The separated flow model is applied first to the adiabatic region
upstream of the heated wall, and afterwards to the heated portion
of the channel. For the adiabatic region, momentum conservation
for the vapor and liquid portions of the channel yields

G2 d
dz

x2
e;in

qgain

" #
¼ �ain

dp
dz
� siPi

A
� qgainge sin h ð2Þ

and
Fig. 8. Schematic of different separated la
G2 d
dz
ð1� xe;inÞ2

qf ð1� ainÞ

" #
¼ �ð1� ainÞ

dp
dz
� sw;f Pw;f

A
� siPi

A

� qf ð1� ainÞge sin h; ð3Þ

respectively, where xe,in is the inlet quality obtained from Eq. (1), ain

the inlet void fraction, sw,f the wall shear stress for the liquid layer,
si the interfacial shear stress, Pw,f the channel perimeter, and Pi are
the perimeter of liquid-vapor interface. The ± sign of the interfacial
shear terms allows for any variations in the direction of the shear
stress, depending on local velocity differences between the two
layers.

Neglecting any property variations, mass and energy conserva-
tion result in xe = xe,in for the adiabatic region. Eqs. (2) and (3) are
solved simultaneously using an iterative procedure to determine
ain. Equations for the wall and interfacial shear stresses are similar
to those utilized in the analysis of the heated section, which are
discussed below. These stresses are functions of flow velocities,
which are themselves functions of the void fraction.

Using Fig. 8 as a guide, the inlet mass flow fraction of liquid
layer 1 along the insulated walls can be expressed in terms of
the channel dimensions as

xf 1;in ¼
W þ 2H

2W þ 2H
ð1� xe;inÞ: ð4Þ

Similarly, the inlet mass flow fraction of liquid layer 3 can be ex-
pressed as

xf 3;in ¼
W

2W þ 2H
ð1� xe;inÞ: ð5Þ

Because of the prevailing saturated conditions, heat transfer be-
tween the vapor core and the liquid layers is assumed negligible,
yers at CHF- for high mass velocities.
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which implies the flow quality of the vapor core is conserved
(x2 = xe,in).

Similar relations are derived for the inlet area fraction of the li-
quid layer along the adiabatic walls (layer 1) and adjacent to
heated wall (layer 3), respectively,

ef 1;in ¼
W þ 2H

2W þ 2H
ð1� ainÞ; ð6Þ

and

ef 3;in ¼
W

2W þ 2H
ð1� ainÞ: ð7Þ

Applying conservation of mass for the entire heated section results
in d _m=dz ¼ 0, which implies both _m and G are constant. Because of
the prevailing saturated conditions, the temperature gradients be-
tween the four fluid layers are neglected. This implies the mass flow
rates of the insulated wall liquid layer (xf1 _m) and central vapor core
(x2 _m) are both constant, which also implies that both xf1 and x2 are
constant. The growth of the vapor layer (4) in contact with the
heated wall is the result of evaporation of the heated wall liquid
layer (3), which implies xf3 = xf3,in � x4. Mass conservation yields
the following relation for liquid evaporation rate along the interface
between layers 3 and 4.

_m’fg ¼ GA
dx4

dz
: ð8Þ

The next step in the implementation of the model is to apply
momentum conservation to the insulated wall liquid layer (1), cen-
tral vapor layer (2), heated wall liquid layer (3), and heated wall va-
por layer (4), which yields, respectively,

G2 d
dz

x2
f 1

qf ef 1

" #
¼ �ef 1

dp
dz
� sw;f 1Pw;f 1

A
� si12Pi12

A
� si13Pi13

A

� qf ef 1ge sin h; ð9Þ

G2 d
dz

x2
2

qga2

" #
¼ �a2

dp
dz
� si12pi12

A
� si23pi23

A
� qga2ge sin h; ð10Þ

G2 d
dz

x2
f 3

qf ð1� ef 1 � a2 � a4Þ

$ %
þ _m’

fgui34

¼ �ð1� ef 1 � a2 � a4Þ
dp
dz
� sw;f 3Pw;f 3

A
� si13Pi13

A
� si23Pi23

A

� si34Pi34

A
� qf ð1� ef 1 � a2 � a4Þge sin h; ð11Þ
Table 1
Summary of relations used in conjunction with the control volume model.

Quality relations for individual layers:

xf 1 ¼
qf Uf 1ef 1

G
; x2 ¼

qgUg2a2

G
¼ xe;in; xf 3 ¼

qf Uf 3ð1� ef 1 � a2 � a4

G
Wall shear stress relations:

sw;k;j ¼
1
2
qkU2

k;jfk;j

fk;j ¼ C1 þ
C2

Re1=C3
D;k;j

¼ C1 þ
C2

qkUk;jDk;j

lk

� �1=C3

where k = f or g, and j = 1–4. C1 = 0, C2 = 16 and C3 = 1 for laminar flow (ReD,k,j 6 2100
(2100 < ReD,k,j 6 4000), and C1 = 0.00128, C2 = 0.1143 and C3 = 3.2154 for turbulent

Interfacial shear stress relations:

si12 ¼
Cf ;i

2
qgðUf 1 � Ug2Þ2; si23 ¼

Cf ;i

2
qgðUg2 � Uf 3Þ2; si34 ¼

Cf ;i

2
qgðU

where Cf,i = 0.5 [25]
and

G2 d
dz

x2
4

qga4

" #
� _m’fgui34 ¼ �a4

dp
dz
� sw;g4Pw;g4

A
� si34Pi34

A

� qga4ge sin h: ð12Þ

Table 1 provides relations for xf1, x2, xf3 and x4 that are used in the
above equations. In Eqs. (9)–(12), sw,f1, sw,f3, sw,g4 are, respectively,
the wall shear stresses for the insulated wall liquid layer, heated
wall liquid layer, and heated wall vapor layer, and si12, si13, si23,
and si34 are the interfacial shear stresses between the insulated wall
liquid layer and vapor core, insulated wall liquid layer and heated
wall liquid layer, vapor core and heated wall liquid layer, and
heated wall liquid layer and heated wall vapor layer, respectively,
Pw,f1, Pw,g2, Pw,f3, and Pw,g4 are the wall perimeters of the insulated
wall liquid layer, vapor core, heated wall liquid layer, and heated
wall vapor layer, respectively, Pi12, Pi13, Pi23, and Pi34 are the interfa-
cial perimeters between the insulated wall liquid layer and vapor
core, insulated wall liquid layer and heated wall liquid layer, vapor
core and heated wall liquid layer, and heated wall liquid layer and
heated wall vapor layer, respectively.

The vapor generated at the heated wall is assumed to have no
initial stream-wise velocity [29], therefore contributing no
stream-wise momentum to the adjacent heated liquid layer. Rela-
tions for the wall shear stress for each phase are provided in Ta-
ble 1. Also included in Table 1 are relations for all the interfacial
shear stresses.

Applying energy conservation to a control volume encompass-
ing the entire cross-sectional area of the channel yields

dx
dz
¼ dx4

dz
¼ q00W

_mhfg
: ð13Þ
5.2. Hydrodynamic instability of liquid–vapor interface along the
heated wall

As depicted in Fig. 5(b), CHF for high velocities is preceded by
the formation of a wavy vapor layer beneath the heated wall liquid
layer. Velocity differences between the two layers result in insta-
bility of the interface in-between. Therefore conditions at CHF-
can be described by classical instability theory [15,36,37]. As
shown in Fig. 9(a), deformation of the liquid-vapor interface is as-
sumed to follow the sinusoidal wave form

gðz; tÞ ¼ goeikðz�ctÞ: ð14Þ
Þ
; x4 ¼

qgUg4a4

G

), C1 = 0.0054, C2 = 2.3 � 10�8 and C3 = �2/3 for transitional flow
flow (ReD,k,j > 4000) [35], where Dk,j = 4Ak,j/Pk,j

f 3 � Ug4Þ2; si13 ¼
Cf ;i

2
qgðUf 1 � Uf 3Þ2
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where go represents the wave amplitude (go = d), k the wave num-
ber (k = 2p/k), and c the wave speed. The real part of Eq. (14) repre-
sents the actual liquid–vapor interface while the imaginary part is
used to establish a criterion for interfacial instability. Any perturba-
tion normal to the interface produces a pressure difference across
the interface that can be expressed as

pf 3 � pg4 ¼� q00f 3ðc�Uf 3Þ2 þq00g4ðc�Ug4Þ2 þ ðqf �qgÞ
gn

k

j k
kgoeikðz�ctÞ;

ð15Þ

where q00f 3 ¼ qf coth (kHf3) and q00g4 ¼ qg coth (kHg4), which are
‘modified density’ terms, and gn is the component of gravity acting
normal to the heated wall. The mean liquid and vapor thicknesses,
Hf3 and Hg4, found in the modified density terms are obtained from
the control volume model and are given, respectively, by

Hf 3 ¼ ð1� ef 1 � a2 � a4ÞH ð16Þ

and

Hg4 ¼ a4H: ð17Þ

The pressure difference across the interface is balanced by the sur-
face tension force,

pf � pg � r
@2g
@z2 ¼ �rgok2eikðz�ctÞ: ð18Þ

Combining Eqs. (15) and (18) yields the following expression for the
wave speed,

c ¼
q00f 3Uf 3 þ q00g4Ug4

q00f 3 þ q00g4

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rk

q00f 3 þ q00g4
�

q00f 3q
00
g4ðUg4 � Uf 3Þ2

ðq00f 3 þ q00g4Þ
2 �

ðqf � qgÞ
ðq00f 3 þ q00g4Þ

ge cos h
k

vuut ;

ð19Þ

where the terms under the radical represent the effects of different
momentum or force terms. The first term accounts for the surface
tension force, and this effect is always stabilizing to the interface.
The second term accounts for velocity difference between the
heated vapor and liquid layers, which is destabilizing. The third
term accounts for the effect of the component of gravity perpendic-
ular to the heated wall, and this effect is stabilizing when the flow
orientation places the vapor above the liquid, and destabilizing
otherwise.

Should the destabilizing effects in Eq. (19) become dominant,
the expression under the radical become negative, and the wave
speed acquires both real and imaginary components, c = cr + i ci,
where the imaginary component is given by
ci ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q00f 3q

00
g4ðUg4 � Uf 3Þ2

ðq00f 3 þ q00g4Þ
2 þ

ðqf � qgÞ
ðq00f 3 þ q00g4Þ

ge cos h
k

� rk
q00f 3 þ q00g4

vuut ; ð20Þ

The critical wavelength, kc, defined as the wavelength of a neutrally
stable wave (ci = 0), can be determined by setting the radical in Eq.
(20) equal to zero.

kc ¼
2p
kc
¼

q00f 3;q
00
g4ðUg4 � Uf 3Þ2

2rðq00f 3 þ q00g4Þ

þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q00f 3q

00
g4ðUg4 � Uf 3Þ2

2rðq00f 3 þ q00g4Þ

" #2

þ
ðqf � qgÞge cos h

r

vuut
: ð21Þ

One important practical implication of Eq. (21) is that for very high
velocity conditions, kc will approach the limit

kc ¼
2prðq00f 3 þ q00g4Þ

q00f 3q
00
g4ðUg4 � Uf 3Þ2

: ð22Þ

irrespective of body force, which is consistent with the trend of CHF
versus orientation for high velocities depicted in Figs. 7(a) and (b).

5.3. Modified interfacial lift-off criterion

The interfacial lift-off model recently presented by Kharangate
[29] is modified to account for the effects of body force. CHF is pos-
tulated to occur when the momentum of vapor emanating from
wetting fronts on the heated wall overcomes the pressure force
caused by the interfacial curvature. This results in the interface
in the wetting front detaching from the heated wall, which pre-
cludes any further liquid access within the wetting front. The heat
flux in the surrounding wetting fronts increases to compensate for
the reduced liquid access. The surrounding wetting fronts now be-
come more prone to lift-off because of the increased normal vapor
momentum. Eventually more wetting fronts are lifted, preventing
any appreciable liquid access to the heated wall, and CHF ensues.

Illustrated in Fig. 9(b), the lift-off flux is determined by equating
the pressure force pushing the interface towards the heated wall to
the vapor momentum pushing the interface away from the heated
wall. The vapor momentum qgU2

g4;n emanating from a wetting front
of length bkc is opposed by the pressure difference

pf 3 � pg4 ¼
4prd4

bk2 sinðbpÞ: ð23Þ

Previous studies [38] have shown that the ratio of wetting front
length to critical wavelength is given by b = 0.2. The velocity of va-
por in the wetting front normal to the heated wall can be deter-
mined by equating the heat input from the wall through the
wetting front to the latent heat of the normal vapor flow.



Orientation Angle, 
0 45 90 135 180 225 270 315 360

0

5

10

15

20

25

30

C
rit

ic
al

 W
av

el
en

gt
h,

 
c (

m
m

)

G/ f (m/s)
0.126
0.224
0.398
0.712

xe,in = 0.11

Stable Interface

Fig. 11. Variation of predicted critical wavelength at z⁄, calculated using measured
CHF, for xe,in = 0.11.

188 C. Konishi et al. / International Journal of Heat and Mass Transfer 61 (2013) 176–190
q00wAw ¼ qgUg4;nAwhfg ; ð24Þ

where Aw is the area of the wetting front. Equating the vapor
momentum, qgU2

g4;n, to the pressure difference given by Eq. (23),
and introducing Eq. (24), yield the following expression for the
lift-off heat flux in the wetting front,

q00w ¼ qghfg

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pf 3 � pg4

qg

s
¼ qghfg

4pr
qg

sinðbpÞ
b

" #1=2
d1=2

kc
: ð25Þ

The critical heat flux, q00m, is based on the entire heated area. Because
the heat flux, q00w, in Eq. (25) is based on wetting front area, CHF can
be determined from the relation

q00m ¼ bq00w: ð26Þ

Previous studies [38] proved the existence of a continuous up-
stream wetting region, z⁄, defined as 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. Hydro-
dynamic instability generates the wavy interface at z⁄, downstream
from which the wavy vapor layer begins to propagate along the
heated wall.

Combining Eqs. (25) and (26) gives the following relation for
CHF,

q00m ¼ qghfg
4prb sinðbpÞ

qg

" #1=2
d1=2

4

kc

�����
z�

: ð27Þ

where, as discussed earlier, b = 0.2, and d4 is the thickness of vapor
layer 4; both d4 and kc are calculated at z⁄.
Orientation Angle, 
0 45 90 135 180 225 270 315 360

0

2

4

6

8

10

U
f,i

n
(m

/s
)

G/ f (m/s)
0.126
0.224
0.398
0.712
1.130

xe,in = 0.01

0 45 90 135 180 225 270 315 360
0

2

4

6

8

10

U
g,

in
(m

/s
)

Orientation Angle, 

G/ f (m/s)
0.126
0.224
0.398
0.712
1.130

xe,in = 0.01

(a) (b

(c) (d

Fig. 10. Variation of predicted mean liquid velocity at inlet to heated wall for (a) xe,in = 0
xe,in = 0.19.
Calculation of CHF using a combination of the control volume
model and the interfacial lift-off model requires an iterative
numerical scheme. Key inputs for the control volume model are
mass velocity, G, pressure at the inlet to the heated wall, pin, inlet
quality, xe,in, and inlet void fraction ain. This scheme is initiated
with a guessed value for CHF, which is used in the control volume
model to predict the velocities and area fractions for all four layers
of the flow for every Dz axial increment from the upstream edge of
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Fig. 12. Comparison of measured and predicted CHF for: (a) xe,in = 0.01 and G/qf = 0.995 m/s, and (b) xe,in = 0.11 and G/qf = 0.542 m/s.
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the heated wall. The control volume model relations are solved
simultaneously along the heated wall with the aid of a 4-th order
Runge–Kutta numerical scheme using saturated fluid properties
that are updated for each Dz increment based on local pressure.
The outputs of the control volume model are then used in the
instability analysis to determine the critical wavelength, kc, and
z⁄, which requires another series of iterations. Finally, the calcu-
lated parameters are used in Eq. (27) to calculate a new CHF value.
The entire calculation scheme is now repeated using the newly cal-
culated CHF value. Further iteration is attempted until the CHF va-
lue used in the control volume model and predicted CHF value
converge.
6. Model predictions

Figs. 10(a) and (b) show predictions of the liquid layer velocity
at the inlet to the heated portion of the channel, Uf,in, for xe,in = 0.01
and xe,in = 0.19, respectively. Because the flow enters the channel as
a two-phase mixture, the mixture density is significantly smaller
than the liquid density. This yields a liquid velocity significantly
greater than G/qf, which is the mean velocity for pure liquid at
the inlet. Comparing Figs. 10(a) and (b) shows the liquid velocity
increases with increasing xe,in because of the significantly lower
mixture density at higher xe,in. Notice that there is appreciable
influence of flow orientation on Uf,in for xe,in = 0.01 and G/
qf = 0.126 and 0.224 m/s, but this influence is much weaker for
xe,in = 0.01 and G/qf = 0.712 and 1.130 m/s. For xe,in = 0.19, the influ-
ence of orientation is fairly weak for the entire range of G/qf. These
trends can be explained by the dominance of fluid inertia com-
pared to buoyancy as xe,in and G/qf are increased.

Figs. 10(c) and (d) show predictions of the vapor core velocity at
the inlet to the heated portion of the channel, Ug,in, for xe,in = 0.01
and xe,in = 0.19, respectively. Here too, the vapor velocity is signifi-
cantly greater than G/qf, especially for xe,in = 0.19, and the influence
of flow orientation is fairly weak for G/qf = 0.712 and 1.130 m/s at
xe,in = 0.01, and for the entire range of G/qf at xe,in = 0.19.

Fig. 11 shows the variation of critical wavelength, kc, with flow
orientation for an intermediate inlet quality value of xe,in = 0.11.
The critical wavelength is determined using Eq. (21) with the li-
quid and vapor velocities and different layer thicknesses predicted
by the separated flow model at z⁄ using measured CHF values. It is
important to note that hydrodynamic instability of the liquid-va-
por interface adjacent to the heated wall is crucial to maintaining
the wetting fronts that provide liquid access to the wall. Notice
in Fig. 11 the existence of a broad region of flow orientations be-
tween h = 90� and 270� and low values of G/qf, where the interface
is stable. This region encompasses downward-facing heated wall
orientations, where buoyancy causes stratification of vapor to-
wards the heated wall, and CHF values are comparatively small.
The interfacial lift-off model is valid for velocities and orientations
where the interface is unstable. For the unstable region, the wave-
length increases with decreasing G/qf, meaning wetting fronts are
remote from one another for low velocities. Notice how the highest
velocity of G/qf = 0.712 m/s produces two important effects: (a) an
unstable interface for all flow orientations, and (b) greatly reduced
sensitivity of the critical wavelength to flow orientation. This dem-
onstrates the importance of inertia at overcoming buoyancy effects
and helping produce CHF values that are insensitive to flow
orientation.

As indicated earlier, the interfacial lift-off model is valid for flow
conditions and orientations that produce an unstable interface and
the separated four-layer flow pattern depicted in Fig. 5(b). This ex-
cludes low velocities especially in combination with orientations
associated with downflow and downward-facing heated wall.

Figs. 12(a) and (b) compare the model predictions with experi-
mental data for two operating conditions: G/qf = 0.995 m/s and
xe,in = 0.01, and G/qf = 0.542 and xe,in = 0.11, respectively, and all
orientations. These plots show good agreement in both trend and
magnitude, evidenced by MAE values of 13.4% and 17.4%, respec-
tively, where

MAE ¼ 1
M

X jq00m;exp � q00m;predj
q00m;exp

� 100%: ð28Þ

Notice how CHF is highest for h = 0� � 45� and 315� � 360�, orienta-
tions that produce a buoyancy force that assists vapor removal and
liquid replenishment at the heated wall. Conversely, CHF is lowest
for h = 135� � 225�, where buoyancy promotes vapor blanketing of
the heated wall and hinders the liquid replenishment.

In a previous study by Zhang et al. [17,18] involving flows with
zero inlet quality, the interfacial lift-off mechanism was shown to
be dominant for relatively higher velocities at all flow orientations.
In a later study by Zhang et al. [1] involving flows with zero inlet
quality in microgravity, the interfacial lift-off mechanism was pro-
ven dominant for both low and high velocities in the absence of a
body force. The present study demonstrates the validity of the
interfacial lift-off mechanism for different orientations at relatively
high velocities at 1 ge. Future work will involve testing of the flow
boiling module in microgravity to determine if the same mecha-
nism is valid for all velocities. A key objective of the microgravity
experiments to determine the flow rate threshold above which
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CHF values in microgravity are identical to those measured at 1 ge.
The importance of such assessment is that, by exceeding the thresh-
old flow rate, any models or data developed from ground-based
1� ge studies can be employed with confidence for design of re-
duced gravity and microgravity thermal management systems.

7. Conclusions

This study explored flow boiling CHF for FC-72 in a rectangular
channel fitted along one side with a heated wall. The flow was sup-
plied as a two-phase mixture and the channel was tested at differ-
ent orientations relative to Earth’s gravity. High-speed video
imaging was used to explore interfacial behavior at heat fluxes
up to and including CHF to capture the CHF trigger mechanism
for different orientations, mass velocities and inlet qualities. The
CHF data were compared to predictions of the interfacial lift-off
model. Key findings from the study are as follows.

(1) For low mass velocities (G/qf 6 0.224 m/s) and small inlet
qualities, orientation has a significant influence on CHF.
The orientations surrounding horizontal flow with upward-
facing heated wall cause buoyancy to separate the flow with
liquid flowing along the heated wall and the vapor flowing
above. CHF for these orientations is triggered when intense
vapor production separates the liquid layer from the heated
wall. On the other hand, orientations surrounding horizontal
flow with downward-facing heated wall cause stratification
of the vapor towards the heated wall and yield very small
CHF values.

(2) High mass velocities (G/qf P 0.398 m/s) cause appreciable
diminution in the influence of orientation on CHF, which is
evidenced by similar flow separation patterns and CHF trig-
ger mechanism regardless of orientation. This behavior can
be explained by the higher mass velocities increasing the
magnitude of shear and drag forces compared to buoyancy,
especially for high inlet qualities.

(3) Excluding the combination of very low velocities and down-
ward-facing heated wall orientations, the influence of orien-
tation on CHF is predicted with good accuracy in both trend
and magnitude by the interfacial lift-off model. The model
points to the effectiveness of inertia at overcoming buoy-
ancy effects and helping produce CHF values insensitive to
orientation.
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