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Space agencies worldwide are actively exploring the implementation of two-phase thermal management
systems to support astronaut life onboard future space vehicles and planetary bases. Key motivations for
these efforts are to increase the efficiency of power utilization and reduce overall weight and volume.
These advantages are realized by orders of magnitude enhancement in heat transfer coefficient achieved
with flow boiling and condensation compared to single-phase systems. This study will review published
literature concerning two-phase flow and heat transfer in reduced gravity. Discussed are the different
methods and platforms dedicated to exploring the influence of reduced gravity, including ground flow
boiling experiments performed at different orientations relative to Earth gravity, as well as reduced grav-
ity adiabatic two-phase flow, pool boiling, flow boiling and CHF experiments. Despite the extensive data
and flow visualization results available in the literature, it is shown that there is a severe shortage of use-
ful correlations, mechanistic models and computational models, which compromises readiness to adopt
flow boiling in future space systems. Key recommendations are provided concerning platform, heater
design, and operating conditions for future studies to expedite the deployment of two-phase thermal
management in future space missions.
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menclature

cross-sectional area of flow channel
ratio of wetting front length to wavelength
Bond number
interfacial friction coefficient
distribution parameter in Drift Flux model
specific heat at constant pressure
diameter
hydraulic diameter, 4A/P
friction factor
Froude number
mass velocity
gravity
Earth gravity
component of gravity normal to heated wall
component of gravity opposite to direction of fluid flow
height of channel’s cross-section
heat transfer coefficient
mean thickness of liquid layer
latent heat of vaporization
mean thickness of vapor layer
superficial velocity
thermal conductivity; wave number (2p=k)
heated length
mass flow rate
Nusselt number
perimeter
pressure
Prandtl number
volumetric flow rate
wall heat flux
critical heat flux (CHF)
wetting front lift-off heat flux
Reynolds number
temperature

sub,o outlet subcooling, Tsat,o � Tb,o

mean liquid inlet velocity
mean velocity of liquid layer
mean velocity of vapor layer
mean vapor velocity in wetting front normal to heated
wall

U1 bubble rise velocity
W heated width of channel’s cross-section
We Weber number
xe thermodynamic equilibrium quality
z stream-wise coordinate
zo distance from leading edge of heated wall to location

where vapor velocity surpasses liquid velocity

Greek symbols
a vapor void fraction
d mean thickness of vapor layer
dh heated wall thickness
g interfacial perturbation
go amplitude of interfacial perturbation
k wavelength
kc critical wavelength
l dynamic viscosity
m kinematic viscosity
P dimensionless group
q density
q00 modified density
r surface tension
s shear stress
h flow orientation angle

Subscripts
asymp asymptotic
b bulk liquid
f saturated liquid
g saturated vapor
h heated wall
i interface
in inlet to heated wall
m critical heat flux
min minimum
max maximum
o outlet from heated wall
sat saturation
sub subcooling
w wetting front; heated wall
1. Introduction

1.1. Importance of two-phase thermal management to future space
missions

Many modern applications requiring the dissipation of large
concentrated heat loads rely on two-phase thermal management
systems that employ both flow boiling and condensation. Unlike
single-phase systems, which rely entirely on sensible heat rise of
the working fluid to remove the heat, two-phase systems capitalize
upon latent heat in addition to the sensible heat, which allows
them to achieve orders of magnitude enhancement in heat transfer
coefficient and much lower temperatures of the heat dissipating
device compared to single-phase counterparts [1]. Associated with
heat-flux controlled flow boiling, critical heat flux (CHF) is argu-
ably the most important design parameter for two-phase thermal
management systems. Since exceeding this limit can lead to
catastrophic failure, a key goal in designing a two-phase thermal
management system is to increase CHF in order to broaden the
useful nucleate boiling heat flux range. This important goal has
spurred many recent research efforts to both increase and predict
CHF using a variety of boiling configurations, including pool [2,3],
channel flow [4,5], mini/micro-channel [6], spray [7,8], and jet
[9–11], as well as hybrid cooling configurations [12,13].



Fig. 1. Examples of space systems demanding predictive models of the effects of gravity on two-phase flow and heat transfer.
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Space agencies worldwide are presently exploring the imple-
mentation of two-phase thermal management systems to support
astronaut life onboard future space vehicles and planetary bases.
Key motivations for these efforts are to increase the efficiency of
power utilization, and reduce overall weight and volume; these
attributes are direct benefits of the heat transfer enhancement
achieved with flow boiling and condensation. Prime examples of
these space systems are NASA’s Fission Power System (FPS), which
can deliver both very high power and very low mass to power ratio,
and Thermal Control Systems (TCSs), which are responsible for
controlling the temperature and humidity of the operating envi-
ronment in a space vehicle or planetary base [14,15]. A key chal-
lenge in designing these systems is that they must endure
varying gravitational fields as depicted in Fig. 1, rather than micro-
gravity alone. Understanding the influence of different gravita-
tional environments on two-phase fluid physics and heat transfer
is therefore crucial to the development of these systems.

The influence of gravity on flow boiling is reflected in buoyancy,
which is proportional to the product of gravity and density differ-
ence between liquid and vapor. Because of the large density differ-
ence, buoyancy can play an important role in dictating the motion
of vapor relative to liquid and therefore influence heat transfer
effectiveness. Buoyancy can also have a drastic effect on flow boil-
ing CHF. Operating in the nucleate boiling region below CHF
enables the attainment of both high nucleate boiling heat transfer
coefficients and low surface temperatures. However, intense vapor
production can lead to appreciable vapor coalescence along the
wall, which resists liquid access to the wall. CHF occurs when
the liquid replenishment is interrupted, and is manifest by an
unsteady rise in the wall temperature.

Unfortunately, most of the two-phase fluid flow and heat trans-
fer know-how amassed over nearly a century of research comes
from experiments that were conducted in Earth’s gravity. High
cost, hardware complexity, and sparse data that researchers are
able to obtain from short-duration microgravity experiments, com-
pounded by limited access to testing in orbiting stations, are all
reasons behind the relatively small body of literature on two-phase
transport phenomena in reduced gravity.

1.2. Microgravity testing platforms

Performing boiling experiments in reduced gravity, especially
microgravity, is a challenging and costly endeavor. Several types of
testing platforms have been used for this purpose. Microgravity
can be achieved by placing an experimental package in a state of
freefall in an above ground drop tower or below ground drop shaft.
These platforms provide high quality microgravity (<1 � 10�4 ge)
for relatively short durations between 2.2 and 10 s (2.2 s for NASA
Glenn Research Center’s 24-m drop tower, 5.2 s for NASA Glenn
Research Center’s 132-m drop shaft, 4.6 s for NASA Marshall Space
Flight Center’s 105-m drop tower, 4.72 s for Germany Drop Tower
Bremen’s (ZARM’s) 110-m drop tower, and 10 s for Japan Micrograv-
ity Center’s (JAMIC’s) 700-m drop shaft) [16]. Key disadvantages of
drop towers and drop shafts are (1) inability to reach steady-state
for many types of experiments because of the short test duration,
(2) need to perform many repetitive drops to acquire sufficient data
(since only one set of operating conditions can be tested in a single
drop), and (3) inability to interact manually with the experimental
package during the drop. Due to short microgravity duration and
low operational cost, drop towers and shafts are primarily used for
initial validation of experiments before more comprehensive testing
is carried out on long-duration microgravity platforms.

Sounding rockets provide another platform to achieving micro-
gravity during a sub-orbital flight. They provide 3–13 min of test-
ing with high quality microgravity (<1 � 10�4 ge) [16]. Sounding
rockets share the disadvantages of drop towers and shafts in their
inability to interact with the experimental package, or to perform
multiple experiments at different operating conditions; they also
cannot accommodate large experimental packages.

Parabolic flight aircraft provide a cost effective means to achiev-
ing microgravity with durations of 15–30 s. Through a series of
parabolic maneuvers, varying gravitational conditions can be
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achieved, including microgravity (lge), Lunar gravity and Martian
gravity. Parabolic flight experiments offer considerable advantages
over drop towers and drop shafts and sounding rockets, including
ability to (1) accommodate larger experimental packages, (2) test
many different operating conditions in multiple parabolas during
the same flight, and (3) grant the experimenter manual access to
the facility. Their key drawback is relatively low quality micrograv-
ity (±0.01 ge) and ‘g-jitter,’ which are influenced by pilot skills and
weather related turbulence [16].

A few studies were privileged use of NASA’s Space Shuttles for
microgravity experimentation. During their active years, Space
Shuttles satisfied virtually all testing needs, including (1) ability
to perform long duration experiments, (2) high quality micrograv-
ity (<1 � 10�4 ge), (3) operator access to the experimental package,
and (4) both automatic and remote control capabilities. However,
the process of granting testing onboard Space Shuttles required
long periods of development and safety certification, let alone
the very high cost.

With the retirement of NASA’s Space Shuttle program, the Inter-
national Space Station (ISS) presently provides the ultimate testing
environment for microgravity research, sharing benefits similar to
those of the Space Shuttles [17]. But like Space Shuttle experi-
ments, ISS experiments are very costly and require many years of
development and safety certification. These drawbacks pose major
obstacles to meeting researchers’ needs for microgravity flow boil-
ing data.
1.3. Transition from pool boiling to flow boiling in microgravity

The vast majority of microgravity boiling research performed to
date has been focused on pool boiling. The original intent in pool
boiling studies was to develop fundamental understanding of the
influence of microgravity on such phenomena as boiling incipi-
ence, bubble nucleation, growth and coalescence, nucleate boiling
heat transfer, and, most importantly, CHF [14]. Spanning over
60 years, most of these studies point to the danger of enormous
bubble growth because of the absence of an effective force to
remove the bubble from the heated wall. This also points to the
danger of abrupt occurrence of CHF at relatively low heat fluxes.
These complications render the implementation of pool boiling in
space systems very impractical.

Recently, there have been urgent calls to shift the focus of micro-
gravity research from pool boiling to flow boiling in order to achieve
both the high heat transfer coefficients and high CHF values
required for space applications [14,15]. In the absence of a body
force to remove vapor bubbles from the boiling wall, flow boiling
can augment CHF in microgravity by relying on bulk liquid motion
to flush bubbles away before they coalesce into large insulating
vapor masses, and to replenish the wall with bulk liquid. Despite
these highly acknowledged merits of flow boiling, very few micro-
gravity flow boiling experiments have been performed to date. This
can be attributed to the high complexity and high cost of flow boil-
ing microgravity test facilities compared to those intended for pool
boiling. Flow boiling facilities are typically much larger, include
many more components, and demand greater power. They also
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require a longer microgravity test duration to achieve steady state,
which makes them difficult to implement in drop towers, drop
shafts, sounding rockets and parabolic flight aircraft.

1.4. Predictive tools for flow boiling CHF at one ge

1.4.1. CHF types
Although there is much debate concerning the precise mecha-

nism for flow boiling CHF, researchers concur that, for heat-flux-
controlled systems, this phenomenon is associated with a sharp
rise in wall temperature and drastic reduction in the local heat
transfer coefficient resulting from inadequate liquid access to the
wall. Two different terms that are commonly used to describe
CHF are Dryout and Departure from Nucleate Boiling (DNB). Dryout
typically occurs in high quality flows exhibiting annular flow boil-
ing, where the annular liquid film is progressively consumed by
evaporation along the tube. The term ‘dryout’ is used to describe
the complete evaporation of the liquid film as the cause for CHF.
DNB is more prevalent with subcooled inlet conditions and higher
mass velocities, and is typically encountered in the bubbly flow
regime. Here, substantial heat input causes loss of liquid access
to the heated wall despite the presence of adequate bulk liquid
elsewhere within the channel. In general, dryout is a milder form
of CHF, encountered at relatively lower heat fluxes and causes
moderate wall temperature excursions. DNB, on the other hand,
is associated with much higher heat fluxes, and precipitates large
and rapid temperature excursions. It is therefore the more danger-
ous form of CHF and poses the greater potential for physical dam-
age to the heated wall.

1.4.2. CHF empirical correlations
Accurate predictive tools for flow boiling CHF are vital to the

design of a two-phase thermal management system. Studies dedi-
cated to understanding and predicting flow boiling CHF date back
to the 1940s. Published literature includes numerous CHF dat-
abases and empirical correlations for specific fluids, flow geome-
tries and operating conditions. But unlike single-phase
correlations, flow boiling CHF correlations often provide inaccurate
predictions. The following comparison provides a simple reason for
this limitation.

Consider the Dittus–Boelter correlation for turbulent flow in a
heated tube [18],

Nu ¼ hD
kf
¼ 0:023Re0:8Pr0:4 Re > 10;000

0:6 < Pr < 160

�
: ð1Þ

This correlation consists of a single dimensionless group, Nu, pre-
sented as a function of only two independent dimensionless groups,
Re and Pr. The range of Re > 10,000 encompasses very broad ranges
of flow rates and fluid properties. And, excepting liquid metals and
highly viscous fluids, the Prandtl number range of 0.6–160 covers
numerous types of fluids, including both liquids and gases. These
attributes explain the popularity of Eq. (1) as a highly effective
broad-bases design tool.

Let us now consider a typical correlation for flow boiling CHF in
tubes [19],
P1;min < P1 < P1;max

P2;min < P2 < P2;max

P3;min < P3 < P3;max

P4;min < P4 < P4;max

P5;min < P5 < P5;max

: ð2Þ
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Unlike Eq. (1), this CHF correlation (a) is a function of numerous
independent dimensionless groups, and (b) each of the indepen-
dent groups is valid over a finite range. Given the high cost of
conducting two-phase experiments compared to their single-phase
counterparts, the ranges of individual independent parameters are
usually quite small. This limits the usefulness of the CHF correla-
tion to relatively narrow ranges of many independent parameters,
and the correlation is therefore valid over a very small region of
the multidimensional space encompassing all the independent
parameters. Additionally, extrapolations to parameter ranges
outside those for which the correlation is developed can lead to
highly inaccurate predictions.
1.4.3. CHF models
An alternative to empirical CHF correlations is to develop

mechanistic theoretical models based on a postulated or visually
confirmed CHF trigger mechanism. Most models have been
developed specifically for vertical upflow at one ge, which the ori-
entation most commonly adopted and provides stable two-phase
flow. Illustrated in Fig. 2, four main mechanisms have been
proposed to initiate flow boiling CHF: Boundary Layer Separation,
Bubble Crowding, Sublayer Dryout, and Interfacial Lift-Off. The
Boundary Layer Separation Model [20,21] utilizes analogy between
wall gas injection – transpiration – into a single-phase liquid
boundary layer and vapor effusion at a heated wall in flow boiling.
In the case of single-phase flow, wall injection decreases the liquid
velocity gradient near the wall. Ultimately, the gradient becomes
vanishingly small once the injection velocity reaches a threshold
value, causing the boundary layer to separate from the wall. By
analogy, the Boundary Layer Separation Model is based on the
premise that CHF occurs when the rate of vapor effusion normal
to the heated wall reaches a threshold value that causes apprecia-
ble reduction in the bulk liquid velocity gradient, and eventual
separation of the liquid from the wall. The Bubble Crowding Model
[22,23] is based on the premise that CHF occurs when accumula-
tion of oblong bubbles along the heated wall becomes too dense
to permit turbulent fluctuations in the core liquid to provide ade-
quate liquid supply to the wall. The Sublayer Dryout Model [24] is
based on the premise that as CHF is approached, oblong bubbles
propagating along the heated wall trap thin liquid sublayers. CHF
is postulated to occur when heat supplied at the wall exceeds
the enthalpy of bulk liquid replenishment of the sublayer. The
Interfacial Lift-off Model [25–28] is based on the observation that,
prior to CHF, vapor patches generated along the heated wall
coalesce into a fairly continuous wavy vapor layer. The wavy
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Fig. 2. Trigger mechanisms for flow boilin
interface is able to maintain contact with the wall in ‘wetting
fronts’ corresponding to the wave troughs. CHF is postulated to
occur when intense evaporation of liquid in the wetting fronts
causes the wavy interface to be lifted off the wall, extinguishing
any further liquid replenishment.

1.5. Differences in methods of measuring flow boiling CHF, and
importance of heated wall design

Developing reliable CHF correlations and models requires
systematic and consistent methods for CHF detection and
measurement. Surprisingly, there is great uncertainty in the heat
transfer community concerning the precise definition of CHF,
evidenced by differences in the experimental methods adopted
for CHF detection [29,30], and these differences can lead to signif-
icant differences in the measured CHF [31]. The most popular
methods for CHF detection can be summarized as follows: (a) first
measurable degradation in flow boiling heat transfer, indicated by
a slope change of the upper portion of the nucleate boiling region
of the boiling curve [32–34], (b) a rise in heated wall temperature
above a fixed level designated by the experimenter [35,36],
followed by either manual or automatic shut-off of the heat supply,
(c) appreciable unsteady temperature rise of any portion of the
heated wall [37,38], and (d) allowing sufficient, albeit short period
of time for the heated wall to recover from any brief localized
temperature excursion, then increasing the heat flux further until
the wall temperature escalates uncontrollably [39].

Konishi et al. [40] discovered first-hand instances of localized
premature dryout before true CHF occurrence in their experimen-
tal study of flow boiling CHF in a rectangular channel subjected to
one-sided heating. Fig. 3(a) shows temporal records of the heated
wall thermocouples (T1–T5), heat transfer coefficients at the same
axial locations as the thermocouples, and wall heat flux for
G/qf = 0.224 m/s, inlet quality of xe,in = 0.01, and channel orienta-
tion of h = 315� (measured counterclockwise from horizontal ori-
entation of h = 0�). Notice the momentary dryout detected at
upstream thermocouple T1 and, to a lesser extent T2, after the wall
heat flux is increased by a small increment then held constant.
Remarkably, without increasing the heat flux, T1 begins to level
off and decrease slightly before returning to steady state. Testing
proceeded by increasing heat input in several small increments,
each followed by an adequate waiting period, and all the wall tem-
peratures increased gradually to new steady state levels with no
spikes. Eventually, CHF was detected near the outlet of the heated
wall by a sudden uncontrolled temperature rise commencing at T5

and T4 with no signs of temperature recovery. These findings point
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Fig. 3. (a) Temporal records of wall temperatures, heat transfer coefficients and wall heat flux for inclined flow boiling of FC-72 [40]. (b) Effect of wall thickness on CHF, and
determination of minimum wall thickness required to yield CHF values representative of those of metallic walls of practical interest [42].
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to potential errors when interpreting premature localized dryout
as true CHF.

Another source of error in CHF detection and measurement is
improper design of the heated wall. Guglielmini and Nannei [41]
showed that CHF magnitude can be greatly influenced by the wall
thickness, dh, and thermal properties (kh, qh, cp,h) of the heated wall.
Zhang et al. [42] examined these influences to determine a suffi-
cient wall thickness for their copper heated wall. Fig. 3(b) shows
the variation of CHF for FC-72 with wall thickness. Notice how a
very thin wall can produce unusually small CHF values. However,
by exceeding a thickness of 0.4 mm, an asymptotic CHF value is
reached. Therefore, it is imperative to employ a wall thickness
for CHF measurement that is within the asymptotic range. As dis-
cussed later, some investigators have used heating walls consisting
of a semi-transparent gold film that is sputtered onto a glass wall
for CHF measurement to achieve wall transparency and optical
access [43]. This type of construction generally provides wall thick-
nesses that are far smaller than the required minimum asymptotic
value.
1.6. Objectives of study

This study will review published literature concerning two-
phase flow and heat transfer in reduced gravity. This encompasses
the different methods and platforms dedicated to exploring the
influence of reduced gravity, including ground flow boiling exper-
iments performed at different orientations relative to Earth gravity,
as well as adiabatic two-phase flow, pool boiling, flow boiling and
CHF reduced gravity experiments. Discussed in this review are key
mechanisms, correlations and models from these studies, as well
as implementation of the same tools in design of thermal manage-
ment systems in future space missions.
2. Terrestrial studies on influence of body force on flow boiling
CHF

2.1. Method for achieving reduced component of gravity perpendicular
to heated wall

A common method to simulating reduced gravity in terrestrial
experiments is boiling on a heated wall that is tilted relative to
Earth gravity. This provides a partial component of gravity perpen-
dicular to the heated wall. However, a fundamental weakness to
this approach is the inability to achieve true reduced gravity since
tilting the heated wall also results in a finite component of gravity
parallel to the wall. Nonetheless, terrestrial boiling experiments
are far less expensive than microgravity counterparts, and provide
valuable insight into the CHF mechanism.
2.2. Influence of heated wall orientation on pool boiling

Class et al. [44], Githinji and Sabersky [45], Marcus and Dropkin
[46], Chen [47], Nishikawa et al. [48], and Kumar et al. [49] exam-
ined the influence of wall orientation on pool boiling. These studies
demonstrated both drastic variations of CHF value and vast differ-
ences in CHF trigger mechanism with orientation, which implies
that different CHF models must be pursued for the different orien-
tations. Interestingly, these studies also prove that the classical pool
boiling CHF model by Zuber et al. [50] is valid only for horizontal or
near-horizontal upward-facing orientations. The strong influence of
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orientation on pool boiling CHF is also evident from studies by
Mudawar et al. [51] and Howard and Mudawar [52], who con-
ducted extensive measurements and photographic studies of inter-
facial behavior for different orientations. Overall, they divided pool
boiling wall orientation effects into three regions: near-horizontal
upward-facing, near-vertical, and downward-facing as depicted in
Fig. 4. In the near-horizontal upward-facing region, buoyancy forces
were observed to remove the vapor vertically off the heated wall in
accordance with the Zuber et al. model. The near-vertical orienta-
tions produced a wavy vapor layer that swept along the heater wall,
closely resembling the Interfacial Lift-off mechanism for vertical
flow boiling CHF illustrated in Fig. 2. The downward-facing wall ori-
entations caused the vapor to stratify on the heated wall, greatly
reducing CHF relative to all other orientations.

2.3. Influence of flow and heated wall orientations on flow boiling CHF

Several terrestrial studies were also conducted to explore flow
boiling CHF for different orientations. These studies point to orien-
tations effects far more complex that those for pool boiling because
of the strong influence of velocity. Simoneau and Simon [53]
showed that vapor motion in vertical nitrogen downflow changes
from concurrent at high liquid velocities to countercurrent at low
velocities, and CHF values for downflow are lower than for upflow
at the same velocity. Additionally, CHF differences between upflow
and downflow decrease with increasing inlet velocity because of a
gradual diminution of buoyancy effects relative to liquid inertia.
Mishima and Nishihara [54] suggested flooding is the cause of
CHF for downflow of water at very low velocities. Increasing the
velocity from a flooded downflow state caused bubbles to stagnate
as the drag force exerted by liquid just balanced buoyancy force.
This bubble stagnation produced an even lower CHF than with
flooding at lower velocities. By increasing the flow velocity further,
bubbles began to flow concurrently downward with the liquid,
causing an increase in flow boiling CHF. Gersey and Mudawar
[55,56] also demonstrated strong sensitivity of flow boiling CHF
of FC-72 to orientation. This sensitivity gradually decreased with
increasing flow velocity and increasing subcooling. Like Mishima
and Nishihara, they observed vapor flowing opposite to liquid in
downflow at very low velocities, stagnating at slightly higher
velocities, and moving concurrently with liquid in downflow upon
further increases in velocity.

Zhang et al. [57–59] performed extensive studies of the influ-
ence of orientation and velocity for flow boiling of FC-72 in a
5.0 � 2.5 mm2 rectangular channel heated along one short side.
Experiments were performed in different orientations, Fig. 5(a)
and (b), including h = 0� and 180� corresponding to horizontal flow
with the heated wall facing upwards and downwards, respectively,
and h = 90� and 270� corresponding to vertical upflow and down-
flow, respectively. Fig. 5(a) shows vapor behavior captured by
Zhang et al. [57] at CHF- (conditions just preceding CHF) for
near-saturated flow (DTsub,o = 3 �C) at U = 0.1 m/s. This low velocity
greatly reduced liquid drag force compared to buoyancy, causing
orientation to have a profound influence on CHF mechanism and
magnitude. Shown in Fig. 5(a) are four different CHF regimes: (1)
Pool-Boiling Regime for h = 0�, (2) Wavy Vapor Layer Regime for
h = 90�, (2) Stratified Regime for h = 180�, and (4) Vapor Stagnation
Regime for h = 270�. Notice that, because of the low flow velocity,
the first three CHF regimes correspond very closely with the Pool
Boiling Regimes observed by Howard and Mudawar [52] and
depicted in Fig. 4. In the Pool Boiling Regime (h = 0�), bubbles coa-
lesce along the heated wall before being detached by buoyancy and
driven into the liquid core, with weak tendency to flow with the
liquid. The Wavy Vapor Layer Regime (h = 90�) is associated with
bubble coalescence into vapor patches that propagate along the
heated wall mimicking a continuous wavy vapor layer, closely
resembling the Interfacial Lift-off mechanism for vertical flow boil-
ing CHF illustrated in Fig. 2. The Stratification Regime (h = 180�)
occurs when vapor stratifies above the liquid in the form of a thick,
fairly smooth layer that covers nearly the entire heated wall. The
Vapor Stagnation Regime (h = 270�) is the result of buoyancy force
just balancing the drag force exerted by liquid on the vapor. Two
additional CHF regimes were observed at low flow velocities that
are not shown in Fig. 5(a). A Separated Concurrent Vapor Flow
Regime was encountered at velocities slightly greater than
U = 0.1 m/s, when liquid drag began to exceed buoyancy. Con-
versely, a Vapor Counter Flow Regime was detected at velocities
below 0.1 m/s, where buoyancy exceeded liquid drag, pushing
the vapor backwards towards the channel inlet. Aside from these
drastic differences in vapor behavior, Fig. 5(a) shows the large dif-
ferences in CHF magnitude among the four orientations at
U = 0.1 m/s.

Fig. 5(b) depicts vapor behavior captured by Zhang et al. [57] for
near-saturated flow (DTsub,o = 3 �C) at U = 1.5 m/s. This high velocity
greatly increases drag forces, dwarfing any buoyancy effects, which
is manifest by all four orientations yielding the same Wavy Vapor
Layer Regime and fairly equal CHF values. Overall, these findings
demonstrate the importance of high flow velocity as a means to
overcome body force effects.

Another important parameter that influences CHF is subcooling.
High subcooling serves to greatly reduce the size of coalescent
vapor masses, thereby decreasing the influence of body force for
a given velocity [60,61]. Fig. 6 shows increasing velocity and sub-
cooling increase both CHF magnitude and the sensitivity of CHF
to velocity [61].



Fig. 5. Near saturated (DTsub,o = 3 �C) flow boiling CHF regimes at 1 ge corresponding to different flow orientations for inlet liquid velocities (a) U = G/qf = 0.1 m/s and (b)
U = G/qf = 1.5 m/s. CHF regime and magnitude are highly dependent on orientation for the lower velocity and independent of orientation for the higher velocity [57].
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Kharangate et al. and Konishi et al. extended the flow boiling
CHF experiments of Zhang et al. to operating conditions where
the fluid enters the channel as a saturated two-phase mixture for
vertical upflow [39], horizontal flow with the heated wall upward
facing [62], and for eight orientations [40,63,64]. They utilized the
same experimental apparatus as Zhang et al. excepting the use of a
preheater upstream from the flow channel to condition the work-
ing fluid, FC-72, to the desired inlet quality xe,in. Compared to the
flow regimes captured earlier by Zhang et al. for pure liquid inlet
conditions, only the Pool Boiling Regime, Stratification Regime and
Wavy-Vapor Layer Regime were observed. Kharangate et al. and
Konishi et al. hypothesized that the increasing inlet quality
increases the velocities of vapor and liquid and the shear force in
between, thereby overcoming the influence of body force more
effectively than with a pure liquid inlet. Fig. 7(a) shows a polar plot
of CHF data measured by Konishi et al. [63] for eight orientations
and velocities ranging from G/qf = 0.126–1.130 m/s with an inlet
quality of xe,in = 0.01. The influence of orientation is quite pro-
nounced for the two lowest velocities of G/qf = 0.126 and
0.224 m/s, especially at h = 225�, where CHF values are vanishingly
small. There is a diminution of orientation effects starting at the
middle velocity of G/qf = 0.398 m/s, and further diminution at the
two higher velocities of G/qf = 0.712 and 1.130 m/s. Overall, orien-
tations involving a combination of upflow and/or upward-facing
heated wall (h = 0�, 45� and 90�) produce higher CHF than down-
flow and/or downward-facing heated wall (h = 180�, 225� and
270�). Fig. 7(b) shows CHF data for velocities ranging from
G/qf = 0.126–0.712 m/s at a much larger 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 quite pronounced and yields a vanishingly small
CHF value for h = 225�. But unlike Fig. 7(a), orientation effects are
markedly weaker for G/qf = 0.224 m/s at xe,in = 0.19 compared to
xe,in = 0.01. The influence of orientation is further degraded for
the two higher velocities of G/qf = 0.398 and 0.712. Comparing
Fig. 7(a) and (b) shows that, for equal G/qf, increasing inlet quality
reduces the sensitivity of CHF to orientation. This reduced sensitiv-
ity can be explained by higher velocities of the two phases increas-
ing the magnitude of shear and drag forces compared to buoyancy.
2.4. Using tilted flow boiling experiments to derive criteria for negating
body force effects

Zhang et al. [65] developed criteria for negating the influence of
body force on flow boiling CHF with xe,in 6 0. Three separate crite-
ria were proposed: (a) overcoming the influence of the component
of gravity perpendicular to the heated wall, (b) overcoming the
influence of the component of gravity opposite to the direction of
fluid flow, (c) ensuring that the wavelength associated with insta-
bility of the liquid–vapor interface is smaller than the heated
length to facilitate liquid contact with wall.



Fig. 7. Variation of CHF with flow orientation for different FC-72 mass velocities at (a) xe,in = 0.01 and (b) xe,in = 0.19 [63].
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The criterion for negating the influence of the component of
gravity perpendicular to the heated wall is derived as follows.
The Wavy-Vapor Layer Regime that is dominant for near vertical ori-
entations at low velocities and for all orientations at high velocities
can be described with the aid of classical instability theory based
on the assumption of a sinusoidal vapor–liquid interface. The crit-
ical wavelength, kc, of the interface, which is used to describe the
vapor–liquid interface adjacent to the heated wall, is given by
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where Ug and Uf are the mean velocities of the vapor and liquid lay-
ers, respectively, and gecosh the component of gravity perpendicular
to the heated wall. Eq. (3) indicates that interfacial instability is
governed by the combined influences of inertia, surface tension,
and component of gravity perpendicular to the heated wall. Notice
that the influence of gravity becomes negligible when
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which reduces Eq. (3) to
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regardless of body force. Eq. (5) can also be presented in terms of
the Bond and Weber numbers,
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and
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This criterion was examined by substituting the phase velocity by
the characteristic velocity of the flow channel, U, and the compo-
nent of gravity perpendicular to the heated wall by the maximum
value of the same component, g. Since the CHF data of Zhang
et al. showed little dependence on orientation for U � 1.5 m/s, the
magnitude of Bo/We2 corresponding to U = 1.5 m/s was used as a
criterion for overcoming body force effects on CHF, which, for any
gravity field, g, can be simplified to

Bo

We2 ¼
ðqf � qgÞðqf þ qgÞ

2rg

q2
f q2
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The criterion for negating the influence of gravity parallel to the
heated wall and opposite the direction of fluid flow uses an expres-
sion for rise velocity of a large coalescent slug flow bubble relative
to liquid [66],

U1 ¼ 0:35
ðqf � qgÞgejsinhjDh

h i1=2

q1=2
f

; ð10Þ

where Dh is the hydraulic diameter of the channel. When U1
exceeds the liquid velocity, the vapor tends to flow backwards
relative to the liquid inducing flooding, and when the two velocities
are equal the vapor stagnates along the channel. A sufficient
criterion for preventing flooding is U1� U, which, for sin h = 1
(corresponding to strongest orientation influence), can be presented
in terms of the Froude number,

1
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Fig. 8. Determination of minimum flow velocity required to satisfy all criteria for
negating gravity effects on flow boiling CHF [65].
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Since the CHF data of Zhang et al. showed flooding is avoided for
U P 0.5 m/s, the criterion for precluding the occurrence of this
anomaly in any gravity, g, can be reduced to

1
Fr
¼
ðqf � qgÞgDh

qf U
2 6 0:13: ð12Þ

To enable liquid contact with the heated wall, it is crucial that
the interfacial wavelength be smaller than the heated length, i.e.,
kc 6 L. This comprises the third criterion for negating the influence
of body force. Using the expression for kc from Eq. (5), this criterion
can be expressed as a Weber number criterion,

We ¼
qf qgðUg � Uf Þ2L
ðqf þ qgÞr

P 2p: ð13Þ

Fig. 8 shows the minimum velocity required to satisfy the above
three criteria as a function of g/ge, the ratio of prevailing gravity to
Earth gravity. Avoiding all body force effects requires that flow
velocity exceed values predicted by each of the three criteria; only
one of these criteria is dominant for a given value of g/ge. Fig. 8
shows fairly appreciable flow velocities are required to overcome
flooding, should a large gravitational field of g/ge > 75 be present
in a direction opposite to the liquid flow. Instability effects are
dominant for g/ge < 75 in a direction perpendicular to the heated
wall; this is where surface tension effects become increasingly
important. Notice that this instability criterion spans Earth, Lunar
and Martian environments. The heater length criterion is dominant
for very low values of g/ge. The g/ge value associated with transition
between the instability-dominated and heater-length-dominated
regimes is a function of the heated length, with shorter heaters
requiring higher velocities to decrease critical wavelength below
the heated length. In general, the heater-length-dominated regime
is more significant for microgravity conditions.

Recall that the criteria developed by Zhang et al. are based on
their own data for which xe,in 6 0. Recently, Konishi et al. [64]
extended these criteria to two-phase inlet conditions, xe,in P 0.
Here, flow velocities increase with increasing xe,in. Therefore, stron-
ger inertial effects serve to combat gravity more effectively and
satisfy the criteria for negating gravity effects at lower inlet veloc-
ities than for xe,in 6 0.

2.5. Advantages of micro-channels in helping negate body force effects

Decreasing hydraulic diameter of the flow channel increases
flow velocity for a given flow rate. This is a key feature of
two-phase flow in micro-channels, which provide important
advantages to space systems by greatly increasing flow inertia
for a given flow rate to help resist body forces effects. These advan-
tages were recently examined by Lee et al. [67,68] who explored
flow boiling of FC-72 in a test module containing 80 of 231-lm
wide � 1000-lm deep micro-channels in three flow orientations:
horizontal, vertical upflow and vertical downflow. Their data
showed gravity effects are negated altogether at velocities far
smaller than those for macro-channels.
3. Pool boiling in reduced gravity

Before reviewing reduced gravity flow boiling, it is useful to
examine findings from reduced gravity pool boiling studies con-
cerning such fundamental processes as bubble nucleation, growth
and coalescence on a heated wall in the absence of gravity, and the
impact of these processes on both nucleate boiling heat transfer
and CHF. Table 1 summarizes prior reduced gravity pool boiling
studies.

Oka and coworkers performed microgravity pool boiling exper-
iments with n-Pentane, R-113 and water in parabolic flight [70],
and R-113 and water in a drop shaft [71]. In both types of tests,
the fluid’s surface tension and latent heat of vaporization had a
profound influence on bubble nucleation, growth and coalescence,
and on heat transfer effectiveness. Tests with n-Pentane and R-113,
which possess relatively low surface tension and low heat of
vaporization, showed bubbles rarely detach from the heater sur-
face at moderate subcoolings. At low heat fluxes, isolated bubbles
slid slowly across the heater surface, constantly coalescing with
neighboring bubbles. This sliding motion facilitated liquid replen-
ishment to dryout regions of the surface originally inhabited by
the bubbles. At high heat fluxes and/or near-saturated conditions,
isolated bubbles grew larger and coalesced with other sliding bub-
bles with greater frequently, culminating in the formation of a sin-
gle large bubble that encompassed the majority of the heater
surface. Dryout beneath the large bubble ensued, resulting in
unsteady rise in the surface temperature. As shown in Fig. 9(a),
nucleate boiling is far less effective and CHF significantly smaller
for R-113 in microgravity was than in Earth gravity. In micrograv-
ity tests with water, whose surface tension and heat of vaporiza-
tion are significantly greater than those of n-Pentane and R-113,
Oka et al. observed isolated bubbles detaching from the heater sur-
face almost immediately upon generation, and growing to signifi-
cantly larger size compared to terrestrial tests. At moderate
subcooling, the detached bubbles immediately collapsed into the
bulk liquid due to increased condensation. When detached bubbles
were propelled into the bulk liquid at saturated or nearly saturated
conditions, they remained within the vicinity of the heater surface,
constantly coalescing with each other to form a single large vapor
bubble, which continued to grow in size by engulfing newly
formed bubbles. The high latent heat of vaporization of water
delayed the complete evaporation of the thin liquid film beneath
the large bubble, evidenced by absence of wall temperature excur-
sions, especially for near-saturated conditions. Continued liquid
supply to the thin film at the bubble contact area was confirmed
by generation of a secondary bubble within the large bubble, a
phenomenon later confirmed for microgravity pool boiling of
water by Abe and Iwasaki [78].

Some investigators postulated that thermocapillary or Marang-
oni convection, typically masked by dominant buoyancy-driven
convection in terrestrial conditions, plays a significant role in bub-
ble nucleation and growth in microgravity, and therefore influ-
ences heat transfer effectiveness. These convection effects are the
result of fluid motion along the vapor–liquid interface and away
from the heater surface, induced by surface tension gradients.



Table 1
Summary of prior reduced gravity pool boiling studies.

Author(s) Microgravity
platform

Test fluid Heater geometry Test conditions Remarks

Abe and Iwasaki
(1993) [69]

Sounding rocket
(TR-1A) (2 � 10�4

ge, � 6 min)

n-pentane BK-7 glass Ah = 30 � 30 mm2 5
artificial cavities (100 lm diameter)

p = 100, 160 kPa � Minimal isolated bubble departure promotes coalescence into a large bubble encompassing
majority of heater surface

� Nucleate heat transfer is degraded in lge

DTsub = 11.1, 25.7 K
q00 = 5–50 kW/m2

Oka et al. (1995)
[70]

Parabolic flight
(Caravelle 234)
(10�2 ge)

n-Pentane,
R-113,
water

BK-7 glass-/indium tin oxide (ITO)
transparent coated heater
Ah = 50 � 50 mm2

p = 81-183 kPa � Bubbles generated in water are spherical in shape, allowing minimal contact, or are expelled
from heater surface; bubbles in other fluids are attached to heater surface over a large contact
area

� Boiling heat transfer is deteriorated for water over entire nucleate boiling regime, but for other
fluids only at high heat fluxes

� CHF for organic fluids is degraded by 40% in lge compared to terrestrial data

DTsub = 2–17 K
Tb = 29.2–94.5 �C
q00 = 30–119 kW/m2

Oka et al. (1996)
[71]

Drop shaft (JAMIC)
(10�5 ge, �10 s)

R-113,
water

Aluminum plate/stainless steel foil
coating Ah = 40, 80 mm square and
Pryex/ITO coated Ah = 30 mm square

DTsub = 6–22 K � For water, capillarity-driven bubble detachment sustains nucleate boiling over a range of heat
flux up to CHF

� Periodic bubble formation in R-113 occurs on relatively small fraction of heater surface, exclud-
ing discrete areas encompassed by larger vapor masses

� CHF is degraded by 20–30%
� CHF dependence on liquid subcooling is stronger in lge than in terrestrial conditions

q00 < 64 kW/m2

Lee and Merte
(1996) [72]

NASA Space Shuttle
(STS-47, 57, 60)
(10�4 ge)

R-113 Quartz/semi-transparent gold film
Ah = 19.05 � 38.1 mm2

p = 107.7–117.3 kPa � Hemispherical models developed to globally describe bubble growth in lge and determine
upper and lower bounds of the growthDTsub = 0.7–3.2 K

Tb = 48.6 �C
q00 = 1.8-6.5 W/cm2

Ohta et al.
(1997) [73]

Parabolic flight
(MU-300) (10�2 ge,

2 ge)

Water/
ethanol

Sapphire glass/ITO coated
Dh = 50 mm

p = 100, 20 kPa � At low heat fluxes, nucleate boiling heat transfer coefficient in lge is larger than in 2 ge, but no
differences are observed at high fluxes

� Enhancement or deterioration of local heat transfer dictated by microlayer formation beneath
primary bubbles just after their formation

DTsub = 3–11 K
q00 = 30–290 kW/m2

Straub et al.
(1997),
Straub (2000,
2002) [74–
76]

Spacelab (Mission
IML-2, STS-65)
(10�4 ge)

R-11 Thermistor Dh = 0.26 mm p = 650 kPa � There is no observable influence of gravity on heat transfer in nucleate boiling regime
� With moderate subcooling, heat transfer coefficient in film boiling and transition boiling is

degraded by 50% in lge compared to terrestrial conditions
� With moderate subcooling, a thermocapillary jet is formed in the film boiling regime on a pri-

mary vapor bubble, which effectively transports high heat fluxes into the bulk liquid

Tb = 30–70 �C
Tw = 150–200 �C
q00 6 900 kW/m2

Ohta et al.
(1999) [77]

Sounding rocket
(TR-1A)

Ethanol Sapphire glass/ITO coated
Dh = 50 mm

p = 11, 20 kPa � Steady-state nucleate boiling is attainable in lge except for high heat fluxes or very low liquid
subcooling

� At high heat fluxes or low liquid subcooling, a large coalescent vapor bubble is formed which
lifts off the heater surface because of generation of bubbles at the base; this is speculated to
be the dominant mechanism for nucleate boiling heat transfer

DTsub = 3–11 K
Tb = 27 �C
q00 = 30 kW/m2

Abe and Iwasaki
(1999) [78]

Drop shaft (JAMIC)
(10�5 ge, �10 s)

R-113, R-
122/R-12,
water/
ethanol

TEMPAX glass/ITO coated
Ah = 20 � 30 mm2

DTsub = 3-18 K � The Marangoni effect is more pronounced with increased liquid subcooling
� Interferograms captured during the bubble evolution suggest the Marangoni effect is governed

by temperature gradients in the early stages of bubble growth and later by concentration
gradients

Kim et al.
(2002),
Henry and
Kim (2004)
[79,80]

Parabolic flight
(KC-135) (0.01 ge,

1.7 ge)

FC-72 Platinum resistance heater
Ah = 0.65–7.29 mm2

DTsub = 23.1–31.2 K � In low gravity, CHF increases with increasing subcooling if the dry area beneath the primary
bubble is smaller than the heater surface area

� Thermocapillary convection at higher superheats and subcooling decreases the size of the pri-
mary bubble

� In high gravity, bubble departure frequency decreases for the smallest heater array, but is sig-
nificantly smaller compared to low gravity conditions

� For the larger heaters, increased subcooling decreases departure frequency of the primary bub-
ble, but the time and surface averaged heat transfer is unaffected

Tb = 35–54.8 �C
q00 � 0–30 W/cm2

Merte (2004,
2006) [81,82]

NASA Space Shuttle
(STS-47, 57, 60, 72,
77) (10�4 ge)

R-113 Quartz/semi-transparent gold film
Ah = 19.05 � 38.1 mm2

DTsub = 0.3–22.2 K � High subcooling produces small vapor bubbles within the vicinity of heater surface; these bub-
bles are driven along the surface by thermocapillary effects

� Computations show momentum transfer of the small nucleating bubbles bombarding the pri-
mary vapor bubble are countered only by the thermocapillary force on the primary bubble

q00 = 0.5–8 W/cm2

(continued on next page)
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Table 1 (continued)

Author(s) Microgravity
platform

Test fluid Heater geometry Test conditions Remarks

Sodtke et al.
(2006) [83]

Parabolic flight
(ESA A-300)

FC-72 Aluminum plate/stainless steel foil
(10 lm) Ah = 11.76 cm2

DTsub = 3–5 K � High resolution wall temperature distribution close to the thin liquid film near the base of the
vapor bubble in nucleate boiling is captured using unencapsulated thermochromic liquid
crystals

� A strong wall temperature drop occurs close to the thin liquid film where the liquid–vapor
interface approaches the heater surface

q = 12–15 W

Zhao et al.
(2007, 2008)
[84,85]

22nd Chinese
recoverable
satellite (10�3–
10�5 ge)

R-113 Platinum wire 60 lm diameter,
30 mm long

p = 101 kPa � The two-phase heat transfer coefficient is enhanced in lge

� Lateral bubble oscillation along the wire leads to bubble coalescence and causes bubble
departure

� A thorough dynamic analysis of departure criteria is performed for bubbles growing in lge

DTsub = 26.2 K
Tb = 21.3 �C

Zhao et al.
(2009) [86]

Chinese
recoverable
satellite (SJ-8)
(10�3–10�5 ge)

FC-72 AL2O3 ceramic Ah = 15 � 15 mm2 p = 57.2–111.7 kPa � Both the two-phase heat transfer coefficient and CHF increase with increases in subcooling or
pressure

� CHF is degraded by about a third in lge compared to terrestrial conditions
DTsub = 18.4–36.9 K
Tb = 16.7–43.3 �C
DTsat = 11–76 K

Raj et al. (2009)
[87]

Parabolic flight
(ESA Airbus A300)
(0.01 ge, 1.8 ge)

nPFH Platinum resistance heater
Ah = 12.25–49.0 mm2

p = 1 atm � Drastic variations of heat flux between low and high gravity preclude the possibility of deriving
a unified power law dependence across all gravity levels

� High dissolved gas concentrations cause nucleate boiling heat transfer to be enhanced in high
gravity and degraded in low gravity

� Nucleation site density remains fairly constant under gravity levels that foster capillary lengths
significantly smaller than the characteristic length of the heater

DTsub = 26 �C
Tw = 65–100 �C

Kannengieser
et al. (2010)
[88]

Sounding rocket
(Maser 11)
(5 � 10�4 ge,

�6.5 min)

HFE-7000 Copper Ah = 1 cm2 p = 120–330 kPa � Boiling is dominated by formation of a large primary bubble due to coalescence of smaller bub-
bles on the heater surface, driven by Marangoni convection

� For Tw < Tsat, bubble growth is impeded because of weak evaporation, and heat transfer is gov-
erned mainly by Marangoni convection

� For Tw > Tsat, significant bubble growth is intensified by enhanced bubble nucleation at the wall,
and heat transfer is governed mainly by evaporation

Tb = 25 �C
q = 0-5 W

Xue et al. (2011)
[89]

Drop tower (Beijing
NMLC) (10�2 ge,
�3.6 s)

FC-72 Silicon chip Ah = 10 � 10 mm2 p = 102 kPa � At low heat fluxes, there is minimum coalescence amongst nucleating bubbles, which maintain
contact with the heater surface because of strong thermocapillary convection around the
bubbles

� Upon increasing heat flux, bubble size and frequency increase
� At high heat fluxes, a large coalescent bubble rapidly forms and completely covers the heater

surface, leading to local dryout at the bubble base and deterioration of nucleate boiling heat
transfer

DTsub = 41 K
Tb = 14.6 �C
q00 = 3.38–11.59 W/cm2

Raj et al. (2012)
[90]

International Space
Station (ISS) (10�6

ge)

nPFH Platinum resistance heater
Ah = 17.6–49.0 mm2

p = 0.58–1.86 atm � A gravity scaling parameter for lge pool boiling heat flux developed earlier by the same authors
is modified and shows excellent agreement with experimental resultsDTsub = 1–26 �C

Tw = 55–107.5 �C

Dhir et al.
(2012) [91]

International Space
Station (ISS)
(1.2 � 10�7–
6 � 10�7 ge)

nPFH Aluminum Dh = 89.5 mm 5 artificial
cavities (10 lm diameter)

p = 51–243 kPa � Low wall superheat promotes lateral coalescence of bubbles into a single coalescent bubble that
grows progressively on the heater surfaceTb = 30–59 �C

Tw = 40–80 �C

Souza et al.
(2013) [92]

Sounding rocket
(Brazil VSB 30)
(10�6 ge, �6.5 min)

n-Pentane Copper disks Dh = 12 mm p = 117–132 kPa � Subcooled nucleate boiling behavior is investigated for different bulk temperatures and gap
sizes

� For the smallest gap size, the two-phase heat transfer coefficient is degraded by about 20% in
lge compared to terrestrial conditions

� For the largest gap size, the two-phase heat transfer coefficient decreases with increasing heat
flux

DTsub = 14.3–15.8 K
Tb = 25.6–28.3 �C
q 6 60 kW/m2
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Fig. 9. (a) Pool boiling curves for R-113 in microgravity and Earth gravity at two levels of subcooling (adapted from Oka et al. [71]). (b) Photos of pool boiling of R-113 in Earth
gravity and microgravity (courtesy NASA).
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Predominantly observed in subcooled boiling, these convection
effects resulted in jet streams around the nucleating bubbles,
which assisted the transport of heat from the bubbles to the bulk
liquid. These effects were identified by Straub [75] in long-duration
microgravity pool boiling experiments with R-11 on a hemispher-
ical heater that were performed in Spacelab mission IML-2. Straub
[76] later performed a thorough heat transfer analysis of the con-
tributions of thermocapillary convection in microgravity. Overall,
the strength of the thermocapillary jet, which was measured by
particle image velocimetry (PIV), increased with increasing heat
flux. However, this behavior was highly influenced by the degree
of subcooling. In saturated conditions, they measured zero jet
velocity. Upon slightly increasing the subcooling, the jet velocity
increased rapidly to a maximum level, but decreased back to zero
at high subcooling. In subcooled boiling, they postulated bubble
growth is dictated by a balance between evaporation at the bubble
base and condensation at the bubble cap. Differences between the
two rates resulted in temperature gradients that induced vapor
flow within the bubble. Straub proposed that thermocapillary con-
vection observed in subcooled conditions is induced by accumula-
tion of minute amounts of inert gases that are driven by the
internal bubble vapor flow towards the condensation region.

Merte and co-workers [81,82] also conducted long-duration
microgravity pool boiling experiments with R-113 onboard NASA’s
Space Shuttle (STS-47, 57, 60, 72, 77). They used a flat
19.05 � 38.1 mm2 rectangular heater consisting of a semi-trans-
parent gold film deposited on a quartz substrate. Their experi-
ments covered subcoolings of DTsub = 0.3–22.2 K and heat fluxes
of q00 = 0.5–8 W/cm2. For moderate subcoolings and low heat
fluxes, a large vapor bubble formed and hovered in the vicinity of
the heater surface while smaller bubbles nucleated underneath.
For low heat fluxes, they postulated that the thermocapillary reac-
tion force that would otherwise push the large vapor bubble
towards the heater surface and cause dryout is opposed by
momentum of small bubbles coalescing into the large bubble. This
helps maintain liquid replenishment of the heater surface, permit-
ting steady nucleate boiling and even yielding heat transfer coeffi-
cients at low heat fluxes that are greater than those realized in
terrestrial conditions. Excepting their highest subcooling condi-
tion, all tests conducted at the highest heat flux culminated in par-
tial or complete dryout as a large vapor bubble engulfed the entire
heater surface leading to unsteady rise in the surface temperature
and appreciable reduction in the heat transfer coefficient. Fig. 9(b)
shows photos of bubble formation in microgravity obtained in
Space Shuttle experiments compared to those in Earth gravity.
Notice how a single large bubble is formed in microgravity engulf-
ing the entire heater surface without a tendency to depart from the
surface. On the other hand, many smaller discrete bubbles are
formed in Earth gravity, which are pulled away from the surface
by buoyancy.

A common observation in the above and other microgravity
pool boiling experiments is formation of an unusually large bubble,
which often engulfs the entire heater surface, a phenomenon rarely
encountered in terrestrial conditions. This phenomenon can be
explained by the Capillary or Laplace length, which dictates the
size of a bubble in response to surface tension and gravity. In



482 C. Konishi, I. Mudawar / International Journal of Heat and Mass Transfer 80 (2015) 469–493
microgravity, Capillary length is unusually large, which explains
the formation of the unusually large bubble. Another important
consideration is how the Capillary length compares to heater
size.

Kim and co-workers conducted microgravity pool boiling
experiments with FC-72 in several parabolic flight campaigns,
and recently with nPFH onboard the ISS, and addressed the influ-
ence of Capillary length. They obtained impressive high-speed
video images of pool boiling in both microgravity and high gravity
(1.7 ge) onboard NASA’s KC-135 jet [79,80]. They developed a
unique heater surface consisting of several arrays of platinum
resistance heaters that were controlled by a bank of feedback
circuitry to achieve constant surface temperature. Subcooled pool
boiling of FC-72 was achieved using three heater sizes, 0.65, 2.62
and 7.29 mm2. In microgravity, absence of buoyancy allowed
surface tension to play a dominant role, culminating in the forma-
tion of a single large bubble regardless of heater size. On the other
hand, tests at 1.7 ge showed a dependence on heater size, with the
smallest heater yielding a single primary bubble due to proximity
of this heater’s size to the Capillary length, while the largest heater
was able to accommodate multiple nucleation sites and generate a
primary bubble with neighboring satellite bubbles. Kim’s team
later performed long-duration microgravity tests onboard the ISS
utilizing the Boiling eXperiment Facility (BXF) [90], which incorpo-
rated two experiments within a single apparatus: Kim and
co-workers’ Microheater Array Boiling Experiment (MABE), and
the Nucleate Pool Boiling Experiment of Dhir et al. [91].
Experimental results from MABE led to the following important
findings concerning pool boiling in microgravity: (1) the onset of
nucleate boiling (ONB) in microgravity occurs at lower surface
superheat compared to terrestrial data, (2) increasing system pres-
sure decreases the superheat required for ONB, which enhances
heat transfer throughout the nucleate boiling regime up to CHF,
(3) heat transfer is enhanced with increased subcooling and
degraded with decreased subcooling, where a large bubble engulfs
the entire heater surface, (4) the boiling curve for high gravity is
heater size dependent, and (5) with decreasing heater size, heat
transfer is enhanced at high subcooling and degraded at low
subcooling.

Dhir and co-workers [91] conducted long-term nucleate boiling
experiments onboard the ISS. Testing was performed with nPFH on
an aluminum wafer equipped with an array of strain gage heaters
and thermistors, and featuring five 10-lm diameter artificial cavi-
ties. They compared single and multiple bubble dynamics and heat
transfer data with predictions of numerical simulation tools devel-
oped earlier by Son et al. [93]. The numerical model accounts for
interfacial condensation at the bubble cap as well as dissolved gas-
ses present in the liquid. Numerical single-bubble nucleation
results predicted the experimental transient bubble shape and size
remarkably well. Like previous investigators, Dhir and co-workers
observed the formation of single large primary bubble from coales-
cence of lateral bubbles merging on the heater surface. At high
superheats, the large bubble was able to lift off the heater surface
and hover within close proximity of the surface, continuously
growing in size by pulling in additional bubbles generated on the
surface.

Despite the important fundamental knowledge gained from
microgravity pool boiling experiments, two overriding concerns
point to serious challenges in implementing pool boiling in space
applications: (i) formation of an unusually large bubble that
engulfs the entire heater surface, and (ii) appreciable reduction
in CHF compared to terrestrial data. These concerns point to the
need for another force to overcome these effects. By relying on
fluid inertia to dwarf other forces, flow boiling systems provide
an effective means for controlling bubble growth and maintaining
liquid replenishment of the heater surface to boast CHF.
4. Two-phase flow and heat transfer in reduced gravity

4.1. Types of two-phase flow and heat transfer microgravity studies
and prior review articles

Three different types of studies have been undertaken to assess
the influence of microgravity on two-phase flow and heat transfer:
(1) adiabatic experiments aimed at identifying dominant
two-phase flow patterns and measuring two-phase pressure drop,
(2) steady-state heat transfer experiments that explore bubble
nucleation and growth, and measure nucleate boiling heat transfer
and CHF, and (3) quenching experiments that measure the same
parameters but in transient experiments.

Several articles have recently been published to review the lim-
ited literature concerning these studies. They include an early arti-
cle by Antar [94] on two-phase flow dynamics, followed by a series
of reviews on two-phase heat transfer [95–98]. More recently, Di
Marco [99] reviewed the mechanisms governing both pool boiling
and flow boiling in microgravity, with added focus on the influence
of electrical field on boiling. Ohta and Baba [100] highlighted their
microgravity boiling research and discussed an experimental
facility to be launched in a few years to the ISS to conduct long-
duration flow boiling experiments. Baldassari and Marengo [101]
summarized findings from both terrestrial and microgravity flow
boiling literature, with particular focus on the influence of the
Eötvös number for flow boiling in terrestrial small-channel
experiments and in low gravity.
4.2. Adiabatic two-phase flow studies

Since the early adiabatic two-phase microgravity experiments
of Hepner et al. [102], researchers quickly realized the vast differ-
ences in interfacial behavior between terrestrial and reduced grav-
ity environments. Only three of the classical flow patterns in tubes
are commonly achieved in reduced gravity: bubbly, slug and annu-
lar flows, with a fourth frothy slug–annular flow pattern observed
in a few studies, as depicted in Fig. 10(a), based on combinations of
superficial velocities of vapor and liquid, jg and jf, respectively
[103]. Choi et al. [104] compared air–water flow patterns along a
10-mm diameter tube in microgravity (lge) and hypergravity (2
ge) aboard an MU-300 aircraft, and in terrestrial gravity (1 ge). Their
findings point to the important role of flow velocities in influenc-
ing, not only flow pattern, but also the relative importance of body
force. As shown in Fig. 10(b), low flow velocities allow surface ten-
sion forces to play a dominant role in lge, yielding bubbly flow,
whereas 1 ge and 2 ge environments produce stratified and plug
flows, respectively, for the same velocities. On the other hand, high
velocities cause flow inertia to dwarf any surface tension or gravity
effects, yielding similar flow patterns for all gravity levels.

Dukler et al. [105] performed adiabatic air–water two-phase
flow experiments in a 9.52-mm diameter and 0.475-m long hori-
zontal tube in the NASA Lewis 100-ft drop tower and in parabolic
flight onboard the NASA Lewis Learjet. Three classical flow patterns
were observed: bubbly, slug and annular flow. Transition from
bubbly to slug flow was based on bubble size and concentration
in bubbly flow that promotes coalescence, which was estimated
to occur at a = 0.45. In the absence of drift between the phases in
microgravity bubbly flow, the mean velocities of vapor and liquid
are equal. Using a = 0.45, this yields the following relation for tran-
sition from bubbly to slug flow.

jf ¼ jg
1� hai
hai

� �
¼ 1:22jg ; ð14Þ

where hai is the void fraction averaged over the cross-sectional area
of the tube. For transition from slug to annular flow, they postulated



Fig. 10. (a) Air–water two-phase flow patterns in microgravity (adapted from Zhao and Rezkallah [103]). (b) Air–water flow patters along a 10-mm diameter tube in
microgravity (lge), terrestrial gravity (1 ge), and hypergravity (2 ge) (adapted from Choi et al. [104]).
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that increased gas flow rate promotes elongation of Taylor bubbles
in the axial direction. As the liquid slugs separating these bubbles
become relatively short, variations in the local velocity or adjacent
film thickness cause the slugs to rupture, allowing surface tension
forces to draw the liquid towards the wall and establish the charac-
teristic annular flow. The slug–annular transition was obtained by
equating the following Drift-Flux relations for slug and annular
flow, respectively.

jg

jf þ jg
¼ C0hai; ð15aÞ

and

hai5=2

1� haið Þ2
¼ f i

f w

� � qg

qf

 !
jg

jf

 !2

; ð15bÞ

where Co is the distribution parameter in the Drift Flux model. The
interfacial friction factor, fi, in Eq. (15b) is determined from the
empirical correlation [66]

f i

f g
¼ 1þ 150ð1� a1=2Þ; ð16Þ

and the wall friction factor, fw, and gas layer friction factor, fg, using
the Blasius relation with a Drift Flux distribution parameter of
Co = 1.25.

Bousman et al. [106–108] continued the work of Dukler et al. by
conducting parabolic flight adiabatic tests using two horizontal
tubes: a smaller tube (D = 12.7 mm) in NASA’s Learjet Model 25,
and larger tube (D = 25.4 mm) in NASA’s KC-135 jet. In addition
to investigating the influence of tube diameter, they explored sur-
face tension effects by testing three different fluid combinations:
air–water, air- 50–50 wt% water/glycerin, and air–water/Zonyl
FSP. Observations of interfacial behavior proved turbulent oscilla-
tions are more pronounced in the larger tube, which enhanced
bubble coalescence, causing a significant shift in void fraction cor-
responding to bubbly–slug transition; this shift was less pro-
nounced for the reduced surface tension liquids (glycerin, Zonyl
FSP). Therefore, different relations were recommended for bub-
bly–slug transition based on different fluid combinations. For both
tubes, they estimated slug–annular transition to occur at a = 0.75
for air–water and air–water/Zonyl FSP, and a = 0.70 for air–
water/glycerin. They used the same general methodology proposed
by Dukler et al. to derive an alternative Drift-Flux relation for slug–
annular transition.

Colin and coworkers [109–114] performed several adiabatic
air–water two-phase flow experiments in microgravity. Colin
et al. [109] compared flow patterns in a 40-mm, 3.14-m long tube
in parabolic flight with those in vertical upflow at 1 ge. Comparing
results with those of Dukler et al. [105] and Bousman et al. [108]
revealed a dependence of flow pattern transitions on tube diame-
ter. In reduced gravity, bubbles in the 40-mm diameter tube of
Colin et al. were concentrated more in the central region of the
tube, compared to a more uniform distribution in the smaller tubes
of Dukler et al. and Bousman et al. This behavior was attributed to
greater turbulence in the larger tube causing increased bubble coa-
lescence. Colin et al. [110] showed bubbles produce maximum
concentration along the center of the tube in lge compared to near
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the wall in 1 ge. They also observed bubbly–slug transition to occur
at a lower transitional void fraction of a = 0.20, for which Eq. (14)
becomes
jf ¼ 3:2jg : ð17Þ
Later, Colin et al. [112] proposed the dimensionless parameter
ND ¼ rD=ðqf m2

f Þ ¼ Re2=We to ascertain the influence of tube diame-
ter and fluid properties on bubbly–slug transition.

Lee [114,115] also developed flow pattern transitional models
for lge. Though intended for condensation, the same models were
later adopted by several investigators in conjunction with adia-
batic two-phase flow. Formulation of these models is based on
the premise that the transitions are dictated by forces dominating
each flow pattern, including surface tension, gravity, fluid inertia,
friction, and turbulent fluctuations. They postulated that bubbly–
slug transition is dominated by the surface tension force tending
to preserve Taylor bubbles in slug flow, and turbulent fluctuations
to rupture the liquid–vapor interface to form smaller bubbles. On
the other hand, vapor inertia and surface tension dictated the
slug–annular transition.

Reinarts [116] conducted two-phase flow experiments with R-
12 in two horizontal tubes with diameters of 4.7 and 10.5 mm.
Tests were conducted aboard NASA’s KC-135 aircraft to simulate
lge as well as Lunar (1.7 m/s2) and Martian (3.7 m/s2) environ-
ments, and were compared with 1-ge ground tests. The influence
of body force was prevalent in Lunar and Martian tests in the form
of stratified and plug flow patterns not observed in lge, where only
bubbly, slug, and annular flows were observed. Reinarts developed
flow pattern transition models based on formulations proposed
earlier by Lee [114,115].

More recently, several additional efforts were undertaken to
capture adiabatic two-phase flow regimes in lge, and to predict
flow pattern transitions using a variety of models and dominant
dimensionless groups [117–121].

Another key focus of adiabatic microgravity studies is two-
phase pressure drop. The total pressure drop in two-phase flow
is composed of frictional, accelerational, and gravitational compo-
nents. Notice that the accelerational component is zero for
adiabatic flow. Also, the gravitational component is zero in lge.
Therefore, adiabatic two-phase flow experiments in microgravity
enable the measurement of the frictional component alone.

Because of the aforementioned concentration of bubbles along
the center of large diameter tubes with almost pure liquid flow
near the wall, Colin et al. [109] showed lge wall friction data agree
well with predictions of the Blasius correlation for single-phase
turbulent flow. On the other hand, Colin et al. [111,112] detected
an increase in wall friction for low Reynolds numbers in smaller
tubes from single-phase relations, which was attributed to the
small diameters causing bubbles to approach the wall. Zhao and
Rezkallah [122] also observed an increase in wall friction at low
flow rates, fostering bubbly and slug flows.

Bousman [106] found the Homogeneous Equilibrium Model
(HEM) and separated flow model (SFM) incapable of accurately
predicting the majority of their pressure drop data corresponding
to the bubbly and slug flow regimes. However, the Lockhart–Mar-
tinelli model [123] provided fairly good predictions of annular flow
data.

Both Chen et al. [124] and Choi et al. [104] showed pressure
drop in lge is significantly larger than in 1 ge. Zhao et al. [125]
showed classical 1-ge empirical pressure drop models yield poor
predictions of lge data. Such deviations, which demonstrate the
fundamental differences in two-phase behavior between lge and
1 ge, have prompted investigators to devise new correlations or
modified models specific to microgravity.
4.3. Flow boiling studies

4.3.1. Two-phase flow boiling patterns and transitions
Although microgravity flow boiling experiments have been con-

ducted since the early 1960s, far fewer studies have investigated
flow boiling than pool boiling and adiabatic two-phase flow. The
earliest investigations of microgravity flow boiling are attributed
to Feldmanis [126] and Papell [127,128]. Table 2 provides a sum-
mary of more recent studies concerning this topic. Overall, these
studies show striking differences in interfacial behavior and heat
transfer mechanisms between lge and 1 ge.

Misawa [129] investigated subcooled and saturated flow boiling
of R-113 in both drop tower (1.25 s at 0.02 ge) and NASA’s Learjet
experiments. Using a film heated square channel (A = 5 � 5 mm2,
L = 500 mm), and two electrically heated coiled tubes (D = 4 and
12.8 mm, L = 500 and 480 mm), flow patterns were shown to tran-
sition earlier in lge compared to 1 ge, but differences in flow behav-
ior diminished at high vapor quality. They identified bubbly, slug,
slug–frothy, annular and annular-frothy patterns, whose transi-
tions were in good agreement with the lge maps of Dukler et al.
[105] and Colin et al. [109].

Saito et al. [130] performed parabolic flight water flow boiling
experiments in a 25 � 25 mm2 and 600-mm long square channel
that was fitted with an electrically heated rod (D = 8 mm, L = 200
mm) along its central axis. Fig. 11(a) shows differences in interfa-
cial behavior between lge and 1 ge tests. Notice how body force
effects are prevalent at 1 ge and low flow rates, where bubbles gen-
erated on the heated rod detached and stratified in the upper por-
tion of the flow channel. On the other hand, the absence of
buoyancy in lge subdued bubble detachment, causing bubbles to
continue to propagate along the heated surface and to grow from
downstream bubble generation as well as coalescence with neigh-
boring bubbles.

Ohta et al. [131] conducted parabolic flight microgravity flow
boiling experiments using R-113 in 8-mm diameter pyrex tubes
coated internally with thin heating gold film (L = 70 and
255 mm). Experimental data for subcooled and saturated inlet con-
ditions were obtained for lge and 2 ge, and compared with 1 ge ver-
tical upflow tests. As shown in Fig. 11(b), bubbly flow was
observed in all gravity levels for subcooled inlet conditions and rel-
atively low mass velocity of G = 150 kg/m2 s. And like lge pool boil-
ing, bubbles in lge flow boiling were significantly larger than in 1
ge and 2 ge. But for the highest mass velocity of G = 600 kg/m2 s,
similar bubble detachment diameters were observed for all gravity
levels. This similarity was attributed to increased fluid inertia
dwarfing body force effects by providing sufficient interfacial shear
to detach bubbles from the heated surface before further growth
due to evaporation could take effect. Fig. 11(b) shows body force
effects were also suppressed for high inlet quality and high heat
flux conditions, where similar annular flow behavior was observed
for all gravity levels.

Celata et al. performed multiple parabolic flight experiments to
investigate flow boiling [134] and quenching [139,140] in lge.
Their flow boiling experiments involved subcooled FC-72 intro-
duced through circular glass tubes (D = 4 and 6 mm) that were
heated by metallic tape helically coiled on their outer surfaces.
Interfacial behavior in lge for the 4-mm tube agreed with that
for 1-ge vertical upflow, where bubbly flow was encountered at
low mass velocities and low heat fluxes. They speculated that the
absence of buoyancy in lge prolonged bubble growth during nucle-
ation, resulting in larger bubble detachment diameters compared
to 1-ge. Intermittent (plug–slug) flow patterns were achieved with
an increase in heat flux in lge, whereas churn flow was observed at
1 ge for the same conditions. Overall, similar interfacial behavior
was observed at high mass velocities and high heat fluxes,
indicating independence of body force effects, and the observed



Table 2
Summary of prior reduced gravity flow boiling studies.

Author(s) Microgravity
platform

Test
fluid

Flow/heater geometry Test conditions Remarks

Papell (1964)
[128]

Parabolic flight
(NASA Learjet)

Water Circular (nickel-alloy) D = 7.9 mm,
L = 165.1 mm, vertical

p = 3.4 bar � Flow patterns observed in lge: bubbly and slug
DTsub = 79.4–92.2 �C
_m = 0.09 kg/s

q00 = 2289.6 kW/m2

Misawa
(1993)
[129]

Drop tower
(University of
Florida) (0.02 ge,
1.25 s)

R-113 Rectangular (Pyrex) A = 5 � 5 mm2,
L = 500 mm, CL2Sn film heater on 4 sides

DTsub = 4.6–16.9 �C � Flow patterns observed in lge: bubbly, slug, slug–frothy, annular, annular-frothy
� Bubbles significantly larger in lge than 1 ge

� Flow pattern transition occurs at smaller values of void fraction in lge than 1 ge

� Data agree well with flow pattern transitional maps of Dukler et al. [105] and Colin et al. [109]
� Void fraction rapidly increases in subcooled region in lge compared to 1 ge

� Heat transfer deteriorates in lge compared to 1 ge

� For bubbly flow, turbulence generated by bubbles is weakened in lge

� Wall shear stress in lge is 1.18 times larger than in 1 ge due to large bubbles in low-quality
region

� Homogeneous model predicts bubbly flow pressure drop well

G = 37.7–114.4 kg/m2 s
q00 = 2.9 kW/m2

xe,o = �0.045–0.175

Saito et al.
(1994)
[130]

Parabolic flight (MU-
300)

Water Rectangular A = 25 � 25 mm2, L = 600 mm,
rod-type electric heater, D = 8 mm,
L = 200 mm, horizontal

p = 90–204 kPa � In 1 ge at low inlet flow velocity and high heat flux, bubbles detach frequently from heated rod
then stratify in upper portion of flow channel due to buoyancy

� Stratification is not observed in lge due to minimal detachment of bubbles, which propagate
along heated rod, continuously growing and coalescing with neighboring bubbles, especially
at low inlet velocity, low inlet subcooling, and high heat flux

Tin = 86.1–112.8 �C
U = 3.7–22.9 cm/s
q00 = 5.3–18.6 W/cm2

Ohta (1997)
[131]

Parabolic flight (MU-
300)

R-113 Circular (Pyrex) D = 8 mm, 100- and 300-
mm long, L = 70 and 255 mm, gold film
heater (0.01 lm), vertical upflow

p = 0.11–0.22 MPa � Heat transfer regimes in lge are segregated based on mass velocity, heat flux, and quality, with
the relative significance of body force identified for each regimeG = 150–600 kg/m2 s

xe,in = 0–0.8
q00 = 5–150 kW/m2

Ma and Chung
(2001)
[132]

Drop tower
(Washington State
University) (10�3 ge,
2.1s)

FC-72 Square (Pyrex) Ah = 1 � 1 mm2 gold film
heater (0.045 lm), horizontal

p = 112 kPa � Bubbles are larger and acquire semi-spherical shape on heated surface in lge compared to 1 ge

� In lge, increasing flow rate suppresses growth of bubble before departure because of domi-
nance of convective heat loss at exposed liquid–vapor interface compared to evaporation rate
at bubble base

� In 1 ge, greater frequency of bubble generation increases with increasing flow rate compared to
lge, but this difference is minimal at very high flow rates (Re P 16,821)

Tin = 30 �C
DTsub,in = 26 �C
U = 6.5–30 cm/s
q00 = 5.4, 39.7 kW/m2

Ma and Chung
(2001)
[132]

Drop tower
(Washington State
University) (10�3 ge,
2.1 s)

FC-72 Platinum wire D = 0.254 mm, L = 20 mm,
horizontal

p = 112 kPa � Heat transfer enhancement is greater in lge at lower flow rates
� Degradation in heat transfer occurs in transition boiling regime up to CHF in lge, resulting in

significantly lower CHF compared to 1 ge

Tin = 30 �C
DTsub,in = 26 �C
U = 6.5–30 cm/s
q00 = 0–600 kW/m2

Westheimer
and
Peterson
(2001)
[133]

Parabolic flight
(NASA KC-135)

R-113 Circular (Borosilicate glass) annular
countercurrent heat exchanger,
D = 10 mm, L = 584 mm, vertical upflow

p = ambient � Flow patterns observed in lge: bubble, slug and annular
� Bubble speed decreases in lge due to absence of buoyancy
� Lower heat input is required to initiate flow regime transition in lge

� 1-ge flow pattern maps predict experimental data poorly
� Highest local heat transfer coefficient is achieved at axial location corresponding to transition

from bubbly to slug flow

R-113: Q = 100 mL/min
Water: Q = 24 mL/min
R-113: q = 0–11 W
Water: q = 266–356 W

Celata et al.
(2007)
[134]

Parabolic flight
(Zero-G Airbus A300)

FC-72 Circular (Pyrex) D = 4.0 and 6.0 mm,
L = 165 and 145 mm, Joule effect through
metallic tape, vertical upflow

p = 1.6–1.8 bar � Flow patterns observed in lge: bubbly, intermittent (slug–plug) and annular
� Flow pattern map of Dukler et al. [105] shows reasonable agreement with lge data for 4.0 mm

tube
� Modified criterion based on Dukler et al. [105] map is proposed to correlate lge data for 6.0 mm

tube

DTsub,in = 9–30 �C
G = 47.5–520 kg/m2s
q00 6 100 kW/m2

xe,o 6 0.22

Luciani et al.
(2008)
[135]

Parabolic flight
(A300)

HFE-
7100

Rectangular (Inconel) Dh = 0.49, 0.84,
1.18 mm, H/W = 0.04–0.11, L = 50 mm,
vertical upflow

Tsat = 54 �C � Heat transfer is enhanced in lge

� For all gravity conditions tested (lge, 1 ge, 1.8 ge), two-phase heat transfer coefficient is highest
at the inlet and decreases in the flow direction

� No noticeable difference observed between 1 ge and 1.8 ge data

DTsub,in = 2 �C
_m = 0.26 g/s

q00 = 33 kW/m2

(continued on next page)

C.K
onishi,I.M

udaw
ar/International

Journal
of

H
eat

and
M

ass
Transfer

80
(2015)

469–
493

485



Ta
bl

e
2

(c
on

ti
nu

ed
)

A
u

th
or

(s
)

M
ic

ro
gr

av
it

y
pl

at
fo

rm
Te

st
fl

u
id

Fl
ow

/h
ea

te
r

ge
om

et
ry

Te
st

co
n

di
ti

on
s

R
em

ar
ks

B
al

ti
s

et
al

.
(2

01
2)

[1
36

]

Pa
ra

bo
li

c
fl

ig
h

t
(Z

er
o-

G
A

ir
bu

s
A

30
0)

FC
-7

2
C

ir
cu

la
r

(P
yr

ex
)

D
=

2.
0,

4.
0,

6.
0

m
m

,
L

=
0.

2
m

Jo
u

le
ef

fe
ct

th
ro

u
gh

m
et

al
li

c
ta

pe
p

=
1.

2–
1.

8
ba

r
�

B
u

bb
ly

fl
ow

pa
tt

er
n

ex
h

ib
it

s
h

ea
t

tr
an

sf
er

en
h

an
ce

m
en

t
pr

ed
om

in
an

tl
y

at
th

e
tu

be
in

le
t,

w
h

ic
h

is
de

gr
ad

ed
at

th
e

ou
tl

et
�

In
cr

ea
si

n
g

va
po

r
qu

al
it

y
an

d/
or

m
as

s
ve

lo
ci

ty
di

m
in

is
h

es
bo

dy
fo

rc
e

ef
fe

ct
s

�
Th

e
la

rg
es

t
tu

be
te

st
ed

(D
=

6.
0

m
m

)
sh

ow
s

bo
dy

fo
rc

e
ef

fe
ct

s
ar

e
do

m
in

an
t

fo
r

G
<

42
5

kg
/m

2
s

�
Sm

al
le

r
tu

be
s

sh
ow

di
m

in
is

h
in

g
in

fl
u

en
ce

of
bo

dy
fo

rc
e,

bu
t

gr
ea

te
r

fl
ow

in
st

ab
il

it
ie

s
oc

cu
r

in
th

e
sm

al
le

st
tu

be
(D

=
2.

0
m

m
)

D
T s

u
b

,in
=
�

9–
�

30
�C

G
=

47
.5

–5
70

.0
kg

/m
2
s

q0
0
6

10
0.

0
kW

/m
2

x e
,o
6

0.
22

B
ru

ti
n

et
al

.
(2

01
3)

[1
37

]

Pa
ra

bo
li

c
fl

ig
h

t
(A

30
0)

H
FE

-
71

00
R

ec
ta

n
gu

la
r

(I
n

co
n

el
)

D
h

=
0.

84
m

m
,

H
/W

=
0.

08
,L

=
50

m
m

,v
er

ti
ca

l
u

pfl
ow

T s
at

=
54

�C
�

U
p

to
50

%
de

te
ri

or
at

io
n

of
fr

ic
ti

on
al

pr
es

su
re

dr
op

is
ac

h
ie

ve
d

in
l

g e
co

m
pa

re
d

to
1

g e
,t

h
e

pr
es

-
su

re
dr

op
in

1.
8

g e
is

1.
3

ti
m

es
h

ig
h

er
th

an
in

1
g e

�
Lo

ca
l

tw
o-

ph
as

e
h

ea
t

tr
an

sf
er

co
ef

fi
ci

en
t

is
en

h
an

ce
d

in
l

g e
du

e
to

sm
al

le
r

fi
lm

th
ic

kn
es

s
D

T s
u

b
,in

=
2

�C
G

=
30

-2
48

kg
/m

2
s

q0
0

=
15

–5
5

kW
/m

2

N
ar

cy
et

al
.

(2
01

3)
[1

38
]

Pa
ra

bo
li

c
fl

ig
h

t
H

FE
-

70
00

C
ir

cu
la

r
(s

ap
ph

ir
e)

D
=

6
m

m
,L

=
20

0
m

m
,

IT
O

fi
lm

h
ea

te
r,

ve
rt

ic
al

u
pfl

ow
P

=
1–

2
ba

r
�

Fl
ow

pa
tt

er
n

s
ob

se
rv

ed
in

l
g e

:
bu

bb
ly

,s
lu

g
an

d
an

n
u

la
r

fl
ow

�
B

u
bb

ly
an

d
sl

u
g

fl
ow

s
tr

an
si

ti
on

to
an

n
u

la
r

fl
ow

ea
rl

ie
r

in
l

g e
th

an
in

1
g e

du
e

to
in

cr
ea

se
d

bu
b-

bl
e

co
al

es
ce

n
ce

�
Th

in
n

er
li

qu
id

fi
lm

is
m

ea
su

re
d

in
an

n
u

la
r

fl
ow

an
d

tr
an

si
ti

on
al

fl
ow

(s
lu

g-
to

-a
n

n
u

la
r

re
gi

on
)

in
l

g e
co

m
pa

re
d

to
1

g e
�

A
di

ab
at

ic
pr

es
su

re
dr

op
do

w
n

st
re

am
of

th
e

h
ea

te
d

se
ct

io
n

is
co

rr
el

at
ed

w
el

l
fo

r
bu

bb
ly

an
d

an
n

u
la

r
fl

ow
u

si
n

g
th

e
Lo

ck
h

ar
t–

M
ar

ti
n

el
li

[1
23

]
co

rr
el

at
io

n
�

A
t

lo
w

m
as

s
ve

lo
ci

ty
,t

h
e

tw
o-

ph
as

e
h

ea
t

tr
an

sf
er

co
ef

fi
ci

en
t

is
de

gr
ad

ed
in

l
g e

co
m

pa
re

d
to

1
g e

fo
r

x e
<

0.
2,

an
d

en
h

an
ce

d
fo

r
x e

>
0.

2

G
=

50
–1

20
0

kg
/m

2
s

q0
0
6

45
kW

/m
2

x e
,in
6

0.
9

486 C. Konishi, I. Mudawar / International Journal of Heat and Mass Transfer 80 (2015) 469–493
interfacial behavior and heat transfer characteristics were similar
to those of Ohta et al. [131]. Similar flow patterns were observed
by Celata et al. in the 6.0-mm tube with the exception of annular
flow. For bubbly flow in lge, this larger tube promoted greater bub-
ble nucleation, which enhanced coalescence frequency and led to
the formation of larger bubbles. Transition from bubbly to inter-
mittent flow occurred at lower heat fluxes in lge compared to 1
ge. Celata et al. also explored the effectiveness of prior lge flow pat-
tern maps in predicting their own data. The transitional criteria
proposed by Dukler et al. [105] showed good agreement with their
4.0-mm tube data.

Luciani et al. [135,141] investigated subcooled flow boiling of
HFE-7100 in three narrow rectangular channels (6.0 � 0.254,
6.0 � 0.454, 6.0 � 0.654 mm2) with a heated length of 50 mm.
Tests were conducted in parabolic flight to simulate lge and 1.8
ge, and later compared with 1-ge vertical upflow tests. They
detected some upstream heat transfer enhancement in lge, but
similar interfacial behavior in 1 ge and 1.8 ge.

4.3.2. Two-phase heat transfer and pressure drop
Misawa [129] investigated the contributions of turbulence in

bubbly flow. Because of the absence of drift in lge, they postulated
that turbulence induced by bubble agitation is compromised, lead-
ing to deterioration in heat transfer in lge compared to 1 ge.

Ohta et al. [131] performed flow boiling experiments in para-
bolic flight at lge and 2 ge, which they compared with ground 1
ge vertical upflow tests. They monitored wall temperature during
parabolic flight in response to varying gravity. For all mass veloci-
ties fostering bubbly flow, changes in gravity during parabolic
flight had minimum effects on heat transfer, suggesting a domi-
nant nucleate boiling heat transfer mechanism for bubbly flow that
is both local and confined to the heated wall. For conditions yield-
ing annular flow with moderate inlet quality, heat transfer at low
heat fluxes was governed by two-phase forced convection and
strongly influenced by gravity, and heat transfer deteriorated in
low-g compared to high-g. Waves in the liquid film caused film
thickness to decrease at high-g and increase in lge. For annular
flow and high heat flux, nucleate boiling was observed within
the annular liquid film, yielding similar heat transfer coefficients
through the varying gravity event. Yet, the influence of gravity
on annular heat transfer diminished at high inlet quality, where
greater shear forces resulting from increased vapor core velocity
appeared to overcome body force effects.

Celata et al. [139] and Baltis et al. [136] also explored wall tem-
perature variations in a 6.0-mm tube with varying gravity during
parabolic maneuvers. At low mass velocity and low exit vapor
quality, the hypergravity phase produced bubbly flow with small
bubbles detaching from the wall. Entering the lge phase, heat
transfer was enhanced significantly in the inlet and reduced in
the outlet. The upstream enhancement was attributed to greater
mixing and turbulence brought about by larger bubble diameters
in lge. With increased mass velocity, no significant variations in
wall temperature were detected, proving these operating condi-
tions greatly reduced the influence of body force. At low mass
velocity and high exit quality, which yielded intermittent/annular
flow, slight gravitational effects were detected.

Luciani et al. [135,141] employed inverse methods to estimate
the local heat transfer coefficient. They reported heat transfer
enhancement in all lge conditions, with average heat transfer
coefficients as much as 30% higher than terrestrial data. For all
gravity levels, large heat transfer coefficients were measured near
the inlet, which dropped sharply to fairly constant value from
about the middle of the channel to the exit. Brutin et al. [137] con-
tinued the work of Luciani et al. by examining void fraction and
frictional two-phase pressure drop. The frictional pressure drop
increased with increasing gravity, which they explained by a



Fig. 11. (a) Comparison of water flow boiling behavior in microgravity and Earth gravity along a square channel fitted with a central cylindrical heating rod (adapted from
Saito et al. [130]). (b) Comparison of flow boiling of R-113 in vertical upflow in 1 ge, 2 ge and lge for subcooled inlet conditions at low and high mass velocities, and for low
mass velocity and high inlet quality (adapted from Ohta [131]).
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decrease in void fraction with increasing gravity causing more of
the channel cross-section to be occupied by liquid, thereby increas-
ing friction.

Overall, the influence of body force on two-phase heat transfer
appears to be highly dependent on mass velocity, inlet quality and
heat flux, which also dictate flow pattern. Also, some of the find-
ings by different investigators appear quite contradictory.

4.4. Flow boiling critical heat flux

As mentioned earlier, the ability to predict CHF is of paramount
importance to the functionality of any heat-flux controlled flow
boiling system. Also, as discussed earlier, several microgravity pool
boiling studies point to an appreciable decrease in CHF in lge as
compared to 1 ge. In the absence of a body force to remove growing
vapor bubbles, this decrease was attributed mostly to bubble coa-
lescence into an unusually large bubble encompassing the entire
heated wall. Flow boiling constitutes a practical and effective
means to precluding this massive vapor coalescence by relying
on liquid inertia to flush bubbles away from the heated wall and
providing a path for bulk liquid to replenish the heated wall.
Despite these important facts, very few studies have been devoted
exclusively to flow boiling CHF in reduced gravity.

Ohta [131] obtained limited flow boiling CHF measurements in
lge at high inlet quality, but noted that the CHF could not be accu-
rately measured in the absence of local wall temperature measure-
ments along the heated wall. Ma and Chung [132] investigated
subcooled flow boiling of FC-72 across a heated 0.254-mm



(a)

(b)

μge, G/ρf = 0.25 m/s, ΔTsub,o = 4.1ºC μge, G/ρf = 1.4 m/s, ΔTsub,o = 5.6ºC μge, G/ρf = 0.14 m/s, ΔTsub,o = 22.8ºC 

Flow

Heated Wall

1.8 ge, G/ρf = 0.14 m/s, ΔTsub,o = 22.8ºC 

1.8 ge

1.8 ge, G/ρf = 0.25 m/s, ΔTsub,o = 4.1ºC 

Flow

Heated Wall

Fig. 12. (a) Wavy Vapor Layer CHF Regime prevalent in lge at both low and high velocities as well as near saturated and subcooled conditions. (b) Low velocity pool-boiling-
like flow boiling at 1.8 ge [42].

CHF- CHF Transient CHF+

Flow

Heated Wall

Fig. 13. CHF transient in lge for G/qf = 0.15 m/s and DTsub,o = 3.0 �C [42].
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platinum wire in a 2.1-s drop tower. They measured an appreciable
shift in the lge boiling curve to lower heat fluxes compared to 1 ge,
indicating significant reduction in heat transfer effectiveness.
Additionally, CHF in lge was significantly lower than in 1 ge. How-
ever, differences in both heat transfer rate and CHF decreased with
increasing flow rate.

Zhang et al. [42] conducted subcooled flow boiling CHF experi-
ments with FC-72 onboard NASA’s KC-135 jet. CHF data were mea-
sured in lge, Lunar gravity (0.17 ge) and Martian gravity (0.38 ge),
which were achieved with different parabolic maneuvers, and later
compared with 1-ge CHF data. Their study featured a 2.5 � 5.0 mm2

rectangular polycarbonate flow channel that was fitted on one of
the 2.5-mm sides with a 101.6-mm long electrically heated copper
plate. As discussed earlier in relation to Fig. 5(a) and (b), prior
experiments by Zhang et al. involving flow boiling at different
orientations in Earth gravity showed drastically different CHF
mechanisms at low velocities, but the same wavy vapor layer
behavior at high velocity regardless of orientation. Unlike this ter-
restrial behavior, Fig. 12(a) shows flow-boiling CHF in lge follows
the same mechanism at both low and high velocities. For near-
saturated flow at both G/qf = 0.25 and 1.4 m/s, bubbles coalesced
along the heated wall into vapor patches resembling a continuous
wavy vapor layer. Fig. 12(a) also shows similar CHF behavior at
G/qf = 0.14 m/s and a high subcooling of 22.8 �C.

Fig. 12(b) depicts sequential images of flow boiling at low veloc-
ities and 1.8 ge for both low and high subcooling. Because of the
large buoyancy force perpendicular to the heated wall, the images
to the left show bubbles being removed from the surface before
they have the opportunity to coalesce, and boiling behavior seems
to mimic pool boiling at 1 ge. The images to the right show high
subcooling reduces the size of vapor bubbles considerably during
growth and detachment as a result of strong condensation effects.
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Zhang et al. [42] also conducted a few lge tests in which high-
speed video imaging captured interfacial behavior during the CHF
transient. Fig. 13 shows for G/qf = 0.15 m/s and DTsub,o = 3 �C, how,
just before CHF, vapor patches grow into a wavy vapor layer that
propagates along the wall as vigorous boiling in wetting fronts
between the vapor patches maintains heat transfer from the
heated wall to the liquid. Notice the wetting front in the middle
images beginning to lift off from the heated wall as the CHF tran-
sient progresses. This lift-off triggered a chain reaction in which
upstream wettings fronts began to detach from the surface, as
Fig. 14. (a) Wavy interface between liquid and vapor layers [58]. (b) Interfacial Lift-off of
predictions for lge and horizontal 1 ge flow boiling [42].
depicted in the right images, until the entire heated wall was
engulfed in a continuous insulating wavy vapor layer. This behav-
ior is consistent with the Interfacial Lift-off CHF Model originally
proposed by Galloway and Mudawar [25,26].

The Interfacial Lift-off Model uses hydrodynamic instability to
describe the wavy interface between a liquid layer of mean veloc-
ity Uf and mean thickness Hf, and a vapor layer of mean velocity Ug

and mean thickness Hg, as shown in Fig. 14(a). Wetting front for-
mation requires that the interfacial wavelength exceed the critical
wavelength, kc, which is given by
wetting front at CHF [58]. (c) Comparison of CHF data and Interfacial Lift-off Model



Table 3
Summary of separated flow model relations [58].

Quality and area fraction relations:

xe ¼
qg Uga

G ;a ¼ d
H, A = H �W (channel height � channel width)

Momentum conservation:

G2 d
dz

ð1�xeÞ2
qf ð1�aÞ

h i
¼ �ð1� aÞ dp

dz �
sw;f Pw;f

A þ si Pi
A � qf ð1� aÞgII

G2 d
dz ð

x2
e

qga
Þ ¼ � a dp

dz �
sw;g Pw;g

A � si Pi
A � qgagII

Wall shear stress relations (k = g or f): sw;k ¼ 1
2 qkU2

k f k

f k ¼ 0:184ðqk Uk Dh;k
lk
Þ
�1=5

Interfacial shear stress:

si ¼
Cf ;i

2 qgðUg � Uf Þ2

where Cf,i = 0.5

490 C. Konishi, I. Mudawar / International Journal of Heat and Mass Transfer 80 (2015) 469–493
kc ¼
2p
kc

¼
q00f q

00
gðUg � Uf Þ2

2rðq00f þ q00gÞ
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q00f q00gðUg � Uf Þ2

2rðq00f þ q00gÞ

" #2

þ
ðqf � qgÞgn

r

vuut
; ð18Þ

where q00f ¼ qf coth ðkHf Þ and q00g ¼ qg coth ðkHgÞ are ‘modified den-
sity’ terms, and gn is the component of gravity perpendicular to the
heated wall. Eq. (18) proves large velocity differences tend to desta-
bilize the interface, while surface tension helps preserve interfacial
stability. Depending on flow orientation relative to gravity, body
force can be stabilizing or destabilizing.

The second part of the Interfacial Lift-off Model concerns the
process of separation of wetting fronts from the wall, which is
the trigger mechanism for CHF. Notice that the curvature of the
liquid–vapor interface produces a pressure force that promotes
interfacial contact with the heated wall, which is the process nec-
essary for maintaining liquid replenishment. CHF occurs when the
normal momentum of vapor generated in the wetting front just
exceeds the pressure force. For an interfacial wave of the form
gðz; tÞ ¼ goei k ðz�ctÞ, pressure difference perpendicular to the wall
is expressed as

pf � pg ¼ � q00f ðc � Uf Þ2 þ q00gðc � UgÞ2 þ ðqf � qgÞ
gn

k

h i
kg0eikðz�ctÞ:

ð19Þ

Assuming the wetting front occupies a fixed fraction b of the critical
wavelength, the average pressure force for a wetting front is deter-
mined by averaging the pressure difference over bkc.

pf � pg ¼
4prd

bk2 sinðbpÞ; ð20Þ

where d is the mean vapor layer thickness. Fig. 14(b) shows the
pressure force is opposed by vapor momentum qgU2

g;n emanating
from the wetting front normal to the heated wall.

Using extensive video records and statistical averaging tech-
niques, Sturgis and Mudawar [27,28] showed that b = 0.2 over a
broad range of flow conditions. They detected a continuous wet-
ting region of length 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 Ug just surpasses Uf. The wavy interface is therefore gener-
ated at z⁄ and propagates downstream.

Considering flow boiling with a subcooled inlet, the heat con-
centrated in a wetting front is consumed by vaporizing liquid,
q00wAw ¼ ðcp;f DTsub;in þ hfgÞqgUg;nAw, where Aw is the wetting front
area. The local heat flux required to push the interface away from
the wall is determined by equating the vapor momentum, qgU2

g;n,
to the pressure force obtained from Eq. (20).

q00w ¼ qgðcp;f DTsub;i þ hfgÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pf � pg

qg

s

¼ qgðcp;f DTsub;in þ hfgÞ
4pr
qg

sinðbpÞ
b

" #1=2
d1=2

kc

�����
z�

: ð21Þ

The critical heat flux, q00m, is defined as the average heat flux over the
entire heated area, which is related to the wetting front heat flux by
the relation q00m ¼ bq00w. This gives the following analytical expression
for CHF corresponding to subcooled inlet conditions.

q00m ¼ qgðcp;f DTsub;in þ hfgÞ
4prbsinðbpÞ

qg

" #1=2
d1=2

kc

�����
z�

: ð22Þ

Notice that d and kc in Eq. (22) are calculated at z⁄. These two
parameters are determined from a separated flow model that is
used to predict Uf(z), Ug(z), and d(z). Table 3 provides detailed
relations for the separated flow model.
Fig. 14(c) shows variations of the CHF data of Zhang et al. with
velocity in lge and l ge. In lge, CHF increases appreciably with
increasing velocity. However, this dependence is far weaker at l
ge. At the lowest velocity, CHF in lge is only 50% of that at 1 ge.
Increasing velocity is shown reducing differences between the
two gravitational environments, with the CHF data converging
around 1.5 m/s. Also included in Fig. 14(c) are CHF predictions
based on the Interfacial Lift-off Model. Notice that this model pro-
vides predictions for lge over the entire velocity range, while only
high velocity predictions are possible for 1 ge because horizontal
flow at lower velocities at 1 ge is associated with the ‘Pool Boiling’
CHF regime, Fig. 5(a), which is fundamentally different from the
Wavy Vapor Layer Regime for which the model is intended. The
CHF predictions point to very important implications to future
space missions. First, unlike 1 ge, CHF in lge is dominated by the
Wavy Vapor Layer Regime regardless how small is the flow veloc-
ity. Second, flow boiling CHF in lge can be accurately predicted by
the Interfacial Lift-off Model. Third, convergence of lge and 1 ge

data at about 1.5 m/s proves it is possible to design inertia-domi-
nated space systems by maintaining flow velocities above this
velocity threshold. Inertia-dominated systems allow data, correla-
tions, and/or models developed at 1 ge to be safely implemented in
the design of space systems.

5. Concluding remarks

This study reviewed published literature concerning two-phase
flow and heat transfer in reduced gravity. Discussed are the differ-
ent methods and platforms dedicated to exploring the influence of
reduced gravity, including ground flow boiling experiments per-
formed at different orientations relative to Earth gravity, as well
as adiabatic two-phase flow, pool boiling, flow boiling and CHF
reduced gravity experiments. Key observations from this review
can be summarized as follows.

(1) Despite the important fundamental knowledge gained from
microgravity pool boiling experiments, there is general
agreement that, because of unusually large bubble size and
appreciable reduction in CHF compared to terrestrial data,
pool boiling will be difficult to implement in future space
applications.

(2) By relying on fluid inertia to overcome body force effects,
flow boiling provides an effective means for controlling bub-
ble growth and sustaining liquid replenishment of the heater
surface to boast CHF. This renders flow boiling a very suit-
able cooling configuration for future space applications.

(3) Many of the published microgravity heat transfer databases
are measured using heater designs that fail to satisfy the
asymptotic wall thickness limit, and therefore produce mea-
surements that are heater specific rather than represent
metallic surfaces of practical interest.
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(4) Despite the extensive microgravity data and flow visualiza-
tion results available in the literature, there is a severe short-
age of useful correlations, mechanistic models and/or
computational models, which compromises readiness to
adopt flow boiling in future space systems.

(5) Emphasis in future microgravity studies should be placed on
operating conditions, particularly mass velocity, that ensure
inertia-dominated performance independent of gravity.
Exceeding the minimum mass velocity necessary to achieve
this goal allows data, correlations, and/or models developed
at 1 ge to be safely implemented in the design of space
systems.

(6) Most reduced gravity experiments have been performed in
short duration drop tower, drop shaft or parabolic flight
platforms. Lack of ability to achieve steady state in short
duration experiments brings into question the validity of a
significant portion of this literature. Following the retire-
ment of NASA’s Space Shuttle program, the ISS constitutes
the ideal testing platform for future flow boiling experi-
ments. However, ISS experiments are very complex and
costly, and require many years of development and safety
certification. To maximize return on investment in space
research, future ISS flow boiling experiments will require
close cooperation among space agencies worldwide on the
design of ISS facilities, performance of experiments, sharing
of data, and development of predictive correlations and
models.

(7) Emphasis should also be placed on microgravity fluid flow
and heat transfer associated with condensation, which is
expected to be used concurrently with flow boiling in future
space thermal management systems.
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