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< Microgravity frictional pressure loss
is half of value at normal gravity.
< Hypergravity frictional pressure loss
is 1.3 times higher than at normal
gravity.
< Increase in pressure drop is explained
by decrease of void fraction with
gravity.
< Bubble departure diameters are
strongly inﬂuenced by gravity.
< Void fraction changes along the
channel for different gravity levels.
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An experimental investigation has been carried out on ﬂow boiling in a minichannel to explain heat
transfer enhancement observed experimentally under the conditions of weightlessness. The analysis is
based on the local void fraction and frictional pressure loss measurements. Frictional pressure loss in
two-phase ﬂows in minichannels under terrestrial gravity is described by several well-known correlations. In weightlessness, however, few experimental results are available on the void fraction and the
frictional pressure loss. The experiments for this study have been performed at constant heat ﬂux
supplied to the minichannel with inlet liquid mass velocity ranging between 30 and 248 kg s1 m2. The
inﬂuence of hypergravity (gravity level of 1.8g) and microgravity (gravity level of 0.05g) on the frictional pressure loss is observed and explained using the ﬂow patterns visualization and experimental
void fraction determination through image treatment. Pressure drops for two-phase ﬂow in microgravity
are found to be signiﬁcantly higher than for single-phase ﬂow under similar conditions; possible
explanations for the difference are discussed. The experimental thermal measurements have been
previously analyzed using inverse techniques which led to evaluation of the local heat transfer coefﬁcient. The heat transfer enhancement observed during weightlessness is explained in the present work
by investigating the differences in ﬂow patterns and void fraction under different levels of gravity.
Ó 2012 Elsevier Ltd. All rights reserved.
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1. Introduction
Flow boiling in minichannels can lead to signiﬁcant heat
transfer enhancement compared to single-phase liquid ﬂow under
* Corresponding author. Tel.: þ33 491106886; fax: þ33 491106969.
E-mail address: david.brutin@polytech.univ-mrs.fr (D. Brutin).
1359-4311/$ e see front matter Ó 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.applthermaleng.2012.11.017

similar conditions [1,2,19,22]. The conﬁnement effect on the vapor
generated due to phase change has been known to result in the
pressure drop ﬂuctuations observed in many experimental studies.
The ﬁrst investigations of convective boiling in microgravity were
conducted at NASA back in the 1970’s [3]. The studies aimed at
understanding the mechanisms of coalescence in two-phase ﬂows
were mostly conducted over the past 15 years (see Table 1). The
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Notation

Roman letters
Bo
bond number ()
C
coefﬁcient function of the channel geometry ()
Cp
heat capacity (J kg1 K1)
J
gravity level (1g ¼ 9.81 m/s) (g)
L
minichannel length (m)
Lc
capillary length (m)
Lv
liquid vapor phase change enthalpy (J kg1)
p
relative pressure (Pa)
P
cross-section perimeter (m)
Pr
Prandtl number ()
Qw
heat ﬂux density (W m2)
Qm
mass ﬂow rate (kg s1)
S
slip velocity ()
t
time (s)
T
temperature ( C)

advantage of heat transfer with liquidevapor two-phase ﬂow is
obvious from the comparison between the heat transfer coefﬁcients in ﬂow boiling and in single phase heat transfer. Many
industrial communities are interested in heat recovery and heat
transfer enhancement. In applications to space technology, not only
the performance under conditions of reduced gravity but also the
size of the heat exchanger is important. Studies of heat transfer in
small-scale systems during pool and ﬂow boiling under reduced
gravity conditions indicate that the heat transfer coefﬁcient can be
either higher or lower than under normal gravity, depending on the
system conﬁguration. Experiments performed in microgravity help
to understand the ﬂow phenomena when gravity is no longer
acting. They reveal new leading mechanisms that are underestimated or hidden on Earth. The implications are wide for
industrial systems using phase change heat transfer.
Colin et al. [4] present results obtained for airewater ﬂows in
microgravity during parabolic ﬂights. The test section consists of
a tube of 40 mm in diameter and 317 mm in length. These authors
observe that the phenomena of bubble coalescence differ from the
case of two-phase ﬂow under terrestrial gravity and attribute the
difference to a higher rate of turbulence in microgravity. Zhao &
Rezkallah [5] analyze the transitions between different modes of
two-phase ﬂow in microgravity for an airewater mixture. They ﬁnd
that the Weber number of the gas phase constitutes a good indicator for the transition between annular and slug ﬂow. Bousman
et al. [6] study the inﬂuences of speeds of gas and liquid as well
as interfacial tension on the ﬂow structure in microgravity for
Table 1
Literature dealing with pool or convective boiling in microgravity (PF: parabolic
ﬂights, HTC: heat transfer coefﬁcient in mg compared to 1g, þ: increase, : decrease,
0: no change).
First author

Year

Fluid

Weightlessness
tool

Boiling
regime

HTC

Serret [23]
Zhao [13]
Luciani [17]
Kawanami
[12]
Zhang [11]
Henry [10]
Straub [9]

2010
2009
2008
2007

HFE-7100
R113
HFE-7100
LN2

Convective
Pool
Convective
Convective

þ
e
þ
þ

2005
2004
2000

FC-72
FC-72
R11

Convective
Pool
Pool


0 and 
þ and 

Ohta [8]

1997

R113

PF (ESA)
Satellite (CNSA)
PF (ESA)
Drop Tower
(JAXA)
PF (NASA)
PF (NASA)
NASA SpaceLab
IML-2
PF (JAXA)

Convective

e

U
Ub
V
z

mass velocity (kg s1 m2)
bubble velocity (m/s)
bubble rise velocity (m/s)
location along the minichannel axis (m)

Greek symbols
void fraction ()
vapor quality ()
difference inlet minus outlet ()
9
density (kg m3)

a
c
D

Lower and upper letters
V
vapor ()
L
liquid ()
I
inertial ()
T
total ()
G
gravitational ()
F
frictional ()

watereair mixtures. These parameters seem to inﬂuence the
transition from bubble to slug ﬂow but not the transition from slug
to annular ﬂow. The results of the analysis incorporating the effects
of the surface tension and inertia are in good agreement with the
experimental data. Zhao & Rezkallah [7] present experimental data
obtained on board of NASA KC-135 Reduced Gravity Research
aircraft (a Boeing 707 derivative). The pressure losses by friction in
the two-phase ﬂows in forced convection are of the same order of
magnitude as those measured on Earth. The result is explained by
the fact that the ﬂows are dominated by the effects of inertia.
Reasonable agreement with various empirical models (homogeneous, MartinellieLockhart, Friedel) is obtained. The effects of
gravity mainly result in modiﬁcations of structure (topology) of the
ﬂows rather than in modiﬁcations of hydrodynamic behavior of
similar ﬂow structures. However, it is important to note that the
conclusions from studies of two-phase ﬂows without phase change
in microgravity are not necessarily applicable to channel ﬂow
boiling in microgravity when volumetric expansion related to
phase change plays an important role. There are relatively few
studies dedicated to the analysis of two-phase ﬂows with phase
change in microgravity.
Ohta [8] studied convective boiling of R113 in circular tubes
during parabolic ﬂights. The signiﬁcance of this pioneering study is
in the determination of void fraction variations in channel ﬂows
under microgravity, an issue which received relatively little attention in other publications. Flow visualization is carried out in
a transparent vertical tube of the inner diameter of 8 mm for
a range of values of the vapor quality. The vertical orientation
allows the author to study the effect of the variations of gravity
during the ﬂight without transition to a different ﬂow mode.
Controlled pre-heating makes it possible to vary the type of the
ﬂow at the tube entry (e.g. annular ﬂow, ﬂow with bubbles and
slugs). In order to visualize and heat simultaneously, a transparent
resistive metal deposit is made by sputtering inside cylindrical
Pyrex tubes. Photolithography is used to place thermistors of
resistance between 900 and 1000 U on the Pyrex tube. The
experimental data is used to relate the structure of the ﬂow and the
average heat transfer coefﬁcient. The latter is obtained by using the
electric output transferred and the temperature measured by the
thermistors. The evolution of the heat transfer coefﬁcient clearly
reveals the passage of disturbances in the tube and/or draining of
the ﬁlm. Strong variations in the shape of the bubbles and the plugs
were noted according to the gravity level, but the variations of the
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heat transfer coefﬁcient were often not as signiﬁcant. It was
concluded that for the annular mode with sufﬁciently weak heat
ﬂow not to generate nucleate boiling, the coefﬁcient of exchange in
microgravity is deteriorated because of the increased thickness of
the liquid ﬁlm formed on the wall. For high mass velocity and high
vapor quality no signiﬁcant effect of gravity level on heat transfer is
detected.
The most recent studies are summarized in Table 1 in order to
highlight the topics which are currently under investigation. Straub
[9] analyzed the results obtained during the ‘SpaceLab IML-2’
mission in 1994. The objective of the mission was to carry out
experiments on pool boiling in microgravity by using a hemispherical thermistor of 0.26 mm in diameter both for heating and
for measuring the temperature. The author studied the inﬂuence of
the subcooling of R11, which was the ﬂuid used, on the heat
exchange. The experiments were repeated on Earth after the
mission. For high subcooling, the heat transfer coefﬁcient is slightly
lower than its value under terrestrial gravity. However, for subcooling ranging between 10 and 30  C, the transfer worsens in
microgravity to reach e 50% with 30  C of subcooling. For values of
subcooling lower than 10  C the heat transfer coefﬁcient becomes
again almost identical to that under terrestrial gravity. The author
notes that the power densities measured in mg or in 1g reach
900 kW m2. These power densities are approximately twice as
high as the values obtained for experiments on a wire and ten times
higher than those obtained on a planar surface. Moreover, the
author concluded that the microgravity strongly inﬂuences the
heat transfer only in the area of transition between nucleate boiling
and ﬁlm boiling.
The inﬂuence of the extent of the heated surface on pool boiling
is the object of study of Henry & Kim [10]. The authors investigate
boiling on a heater composed of 96 platinum resistance square
heaters of size 0.27 mm  0.27 mm. Each individual small heater
can be activated independently. This set-up allows the authors to
obtain several heating conﬁgurations. The results are presented for
the following cases: 9 heaters, resulting in a square heated area of
0.66 mm2, 36 heaters and heated area of 2.62 mm2, and ﬁnally of 96
heaters and heated area of 7.00 mm2. Boiling was studied in
hypergravity at 1.7g  0.5g and in microgravity at 0.01g  0.025g.
The ﬂuid used is FC-72 whose temperature of saturation is 56.7  C
at 1 atm. The heating system is controlled to ensure constant
temperature. The authors can reach a given power with the heat
ﬂow transferred by boiling. They can thus easily determine the heat
transfer coefﬁcient. For the conﬁguration of 9 heaters, there is
a single bubble formed in both hyper- or microgravity, but its size is
smaller for the case of microgravity. For the larger heated surfaces
at several values of the superheat, there are also qualitative
differences, with multiple bubbles observed under hypergravity for
the conditions corresponding to single bubble formation under
microgravity. The authors also conduct detailed investigations of
the inﬂuence of the superheat on heat transfer during the formation and evacuation of bubbles under different levels of gravity.
Zhang et al. [11] study the critical heat ﬂux (CHF) for boiling
during ﬂight campaigns on board of KC-135. They used a millimeter-length channel in a block of Polycarbonate (Lexan) covered
with a heating copper sole. The observation of the ﬂow structures is
carried out with a high-speed camera. The authors analyze ﬂow
patterns for different values of mass ﬂow rate and heat ﬂux. The
latter is typically close to the critical heat ﬂux. In their conclusions,
the authors highlight the absence of nucleation during microgravity and bubble coalescence which results in the formation of
vapor plugs moving with the ﬂow. The presence of long vapor ﬁlms
ﬂuctuating and propagating along the walls is noted. The access to
heating surface for the liquid is then more difﬁcult because of the
vapor ﬁlms.
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Kawanami et al. [12] study convective boiling of liquid nitrogen
in microgravity by using JAMIC drop shaft. The liquid nitrogen was
selected since many of its physical properties, such as saturation
temperature, are close to those of hydrogen and oxygen. A gold
transparent resistive deposit of 10 nm is used to initiate boiling in
a Pyrex tube of interior diameter of 7 mm. The aim of the study is to
observe the behavior of a cryogenic ﬂuid in microgravity. The
behavior of cryogenic ﬂuids near saturation in microgravity is
important for many space applications, especially the re-start of
cryogenic engines in orbit. The dynamics of the ﬂuid in conduits,
the separation of the phases as well as boiling caused by solar
heating are subject of many studies conducted by international
research teams.
Zhao et al. [13] recently published a study based on an experimental campaign on board of a Chinese scientiﬁc satellite dedicated
to pool boiling on a heated wire. The ﬂuid used in this study (R113)
is undercooled by 26  C. Boiling is initiated by electrically heating
a platinum wire of 60 mm in length and 30 mm in diameter. The
resistivity of the platinum wire is used not only for heating but also
to determine the average temperature of the wire. The authors
highlight a slight improvement of the heat transfer for this situation of boiling compared to results obtained on Earth. Whereas the
presence of gravity allows the evacuation of the vapor bubbles
generated at the heating wire, the authors conﬁrm that in spite of
the presence of static bubbles, the average temperature of the wire
is slightly higher than under conditions of normal gravity. This
enables them to conclude that the heat transfer coefﬁcient is
slightly better; note that the wire is heating at constant electric
power.
Despite the recent accumulation of experimental data on
channel ﬂow boiling under microgravity, development of mathematical models of such systems has been very limited. However, the
closely related problem of isothermal two-phase ﬂow in a channel
have been well-understood for a wide range of channel sizes and
discussed in detail e.g. in Fabre & Liné [14], Ajaev & Homsy [15], and
Clanet et al. [16]. For practical applications, it is important to
understand the connection between these models and the experiments on ﬂow boiling in minichannels under microgravity
conditions. Of particular interest is the issue of how to modify these
isothermal models to match the conditions relevant to the situations when vapor bubble volumes do not remain constant as
a result of phase change.
Similar measurement techniques have been used also to determine the void fraction to two-phase ﬂow in ducts. Puli & Rajvanshi
[24] use an image analysis technique for determination of void
fraction in sub cooled ﬂow boiling of water in horizontal annuals at
high pressures. Leandro et al. [25] use the pixel intensity in order to
characterize the void fraction in a sudden transition from supercritical to subcritical ﬂow.
The objectives of the present study are two-fold. First, we
analyze experimentally observed ﬂow patterns and frictional
pressure drop data to explain the previously reported increase in
the local heat transfer coefﬁcient in minichannels under the
conditions of reduced gravity [17,18]. Second, we use mathematical
modeling to interpret and explain the experimental data on void
fraction and frictional pressure loss in minichannels during ﬂow
boiling under reduced gravity.
2. Material and methods
2.1. Experimental set-up
The core of the experiment is inside a conﬁnement box due to
parabolic ﬂight safety considerations. The experimental rack is
divided into 4 areas: the conﬁnement box, the material storage
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zone below the conﬁnement box, the visualization zone with
computer 2, the loop control zone with computer 1. The entire ﬂuid
loop is inside the conﬁnement box to avoid ﬂuid leaks into the
cabin. The heating system consists of a small cement rod of
dimensions 16  10  70 mm3 with a heating wire of diameter of
0.4 mm. K-type thermocouples of diameter of 0.14 mm fabricated at
our laboratory are used to measure the cement rod temperature at
several locations in the minichannel under the heating surface.
The cooling system is realized using Peltier elements with heat
sinks as shown in Fig. 1. The ﬂuid ﬂow is generated by a syringe
pump (two-way, two ﬂuid loops) to investigate ﬂow boiling
simultaneously in two channels at the same mass ﬂow rate. The
channels are identical and are heated in the same way. One channel
is used for pressure and temperature measurements while the
other channel is used for ﬂow visualization. Thus, it is possible to
simultaneously observe ﬂow patterns and measure pressure loss
and heat transfer coefﬁcient. A 3-h procedure for degassing,
warming up the conﬁnement box, and preparing the experiment is
required before the ﬂight. The working temperature inside the box
is 45  C to reduce heat losses.
The ﬂuid investigated is HFE-7100; its physical properties under
the conditions of our experiment are listed in Table 2. This ﬂuid
has been chosen for its many advantages. It has low boiling

Cabin air flow

Cabin air flow

Peltier + heatsink

Peltier + heatsink

Aluminum

Aluminum

Polycarbonate

Polycarbonate

Condensor 1

Condensor 2

temperature (54  C at 820 mbar), low heat of vaporization (20
times less than water), is colorless, non-toxic, non-inﬂammable,
non-explosive, and chemically compatible with typical materials
used in experiments (aluminum, copper, Teﬂon, Polycarbonate).
The channel cross-section is 6  0.454 mm2, hydraulic diameter is
0.84 mm.
The capillary lengths of HFE-7100 under different gravity levels
are listed in Table 3. The change from hyper-gravity to microgravity
results in an increase of the capillary length by a factor of about 6.
The bubble characteristic sizes are therefore bigger and thus the
conﬁnement effect is more signiﬁcant. Note that the Bond number
is far below one for microgravity and above one in hyper-gravity so
the two gravity levels (microgravity and hyper-gravity) can be used
to study the inﬂuence of gravity on the two-phase ﬂow and heat
transfer. The use of minichannels is important in a global frame of
device size reduction. Using microgravity, it is possible to suppress
the density differences between liquid and vapor and have capillary
driven heat and mass transfers. The use of both minichannels and
microgravity enables one to reach higher conﬁnements. The change
from terrestrial gravity to microgravity is equivalent to a reduction
of hydraulic diameter by a factor of 4.5 without the pressure loss
problem. On the ground, such experiments would require microchannels of hydraulic diameter below 200 mm.

Cabin air flow

Peltier + heatsink Peltier + heatsink
Aluminum

Ciment rod

Aluminum

Heatsink
Heatsink
Climatisation
Box air flow

Visualization
mini or
microchanel

Cabin air flow

Degazing
valve

Box air flow

Liquid
box

Instrumentation
mini or
microchannel

Polycarbonate
Tank
Liquid
level

Confinement box

Syringe for pressure
self-regulation

Heat exchanger

Box
air flow

Peltier + heatsink

Heat exchanger

Box
air flow

Peltier + heatsink

Porous
plate

Constant mass flow rate injection
system for 2 separated fluid flows
Fig. 1. Conﬁnement box and experimental equipment to study ﬂow boiling in two channels.
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Table 2
Physical properties and dimensionless numbers for HFE-7100 at saturation 54  C and 820 mbar.

HFE-7100

9L (kg m3)

9V (kg m3)

Cp (J kg1 K1)

Lv (kJ kg1)

l (W m2 K1)

mL (mPa s)

mV (mPa s)

s (mN m1)

Pr (e)

1389

7.95

1241

114

0.068

0.39

10.8

13.6

10.3

The channel is engraved in an Inconel thin plate
(2  16  70 mm3). A transparent polycarbonate plate is used to
cover the channel while allowing for ﬂow visualization. Two preheaters are used to warm the liquid up to 2  C below its saturation temperature. Thus, it is reasonable to assume that the ﬂuid at
the minichannel entrance is close to the saturation conditions. The
pressure measurements are acquired at 133 Hz to be able to observe
non-stationary ﬂow. The ﬂuid temperatures are measured at the
same frequency. Gravity level is measured by an accelerometer. The
ﬂow visualization is performed using a Photron Ultima 1024 FastCam, the videos are acquired at 1000 img/s with a shutter at 250 ms
in 1024  512 pixels.
2.2. Void fraction measurement
The void fraction is determined assuming that there is a narrow
gap between the heating plate and the top cover so that the
geometry is essentially two-dimensional. Then the void fraction is
calculated along the minichannel from the ratio between the
number of vapor pixels to the total number of pixels across the
minichannel.
In practice, to determine the void fraction a program was
developed using Matlab. The main difﬁculty in the treatment of
multiphase ﬂow videos was due to the substantial similarity
between the shapes of liquid and vapor regions. So, the outlines of
the bubbles must be detected accurately, since the external and
internal regions often have the same features. Also, the acquisition
frame rate should be high enough to capture the displacement of
each bubble between two subsequent images. Small deviations of
the channel from the vertical orientation also have to be taken into
account during image treatment. Fig. 2 illustrates the use of data
from the image to determine the inclination of the tube, determined from the linear ﬁt seen in Fig. 2(b).
In order to improve image quality, it is important to eliminate
patterns which are present in every image and are due to solid
surface roughness, defects, and other factors not related to the ﬂow.
To achieve this, an average image of a video set is obtained and then
subtracted from each individual image in the set. A typical result is
shown in Fig. 3(a). With the adjusted images, we begin the most
difﬁcult step of the image treatment: deﬁning and applying the
threshold for automatic recognition of the gas bubble. For this, the
images were ﬁrst divided into nine regions, shown in Fig. 3(b), in
which we identiﬁed a recurrent behavior throughout the ﬂow. For
example, the lower regions of the tube had smaller bubbles with
well deﬁned contours, allowing the application of a less sensitive
ﬁlter. However, the bubbles in the regions near the tube wall were
so small that they could be confused with noise, which prevented
the application of a single ﬁlter.
At the next step, the contours were treated separately depending on the area they enclose. After the treatment, the contours that

have been identiﬁed as bubbles were copied to a new image, see
Fig. 3(c). The small contours corresponding to the smaller bubbles
were directly copied, without prior treatment, because they were
easily identiﬁed. The contours of intermediate dimensions were
treated with a process of dilation followed by erosion. For the
contours of larger size, the same procedure has been applied, followed by a reduction in the thickness of the contours. The latter
step was needed to ensure that the distances between the larger
and smaller bubbles are precisely known, so that small liquid
regions between them were not identiﬁed incorrectly as vapor. The
last step consists of identifying the number of pixels of vapor in
each line of each image and applying this entire process for all
images of the video. Calculating the average percentage of vapor for
each line, we obtain a good approximation for the proﬁle of the void
fraction. To reduce the inﬂuence of the bubbles that were not fully
resolved, as indicated by breaks in their outlines, the images were

Table 3
Capillary lengths and Bond numbers of HFE-7100 at saturation 54  C and 820 mbar
for different gravity levels.

Lc (mm)
Bo (e)

mg

1g

1.8g

4.48
0.035

1.00
0.703

0.75
1.265
Fig. 2. (a) Crop of the original image, (b) minichannel left side polyﬁt.
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3.1. Minichannel pressure loss
Several pressure sensors are located in the loop to access the
local pressure variation in the channel and the total channel
pressure loss. For both channels, it is possible to measure the total
channel pressure loss. An absolute pressure sensor measures the
tank pressure to obtain the average saturation loop temperature.
The experiments are performed at a constant heat ﬂux. Let us ﬁrst
discuss the results obtained at the heat ﬂux of 32 kW m2. The
highest liquid inlet mass velocity considered in this subsection is
138 kg s1 m2, corresponding to the inlet liquid Reynolds
number of 257. The range of Reynolds numbers investigated in
our experiments corresponds to laminar ﬂow. Gravity level
evolution during a parabola is illustrated in Fig. 4. At normal
gravity (1g) the pressure loss is constant and equal to 2770 Pa.
The hypergravity period begins and the pressure loss increases to
4070 Pa, then falls down to 1010 Pa during the microgravity
period. The second hypergravity period seen in Fig. 4 is not
considered.
3.2. Inﬂuence of gravity level on the pressure loss
The same general trends in pressure loss variations are obtained
for all experiments. In Fig. 5, we show total pressure loss for
microgravity, normal gravity and hypergravity for the heat ﬂux
value of 15 kW m2. The total pressure loss varies linearly as
a function of the inlet liquid Reynolds. This is not surprising since
the ﬂow is laminar for this range of Reynolds numbers and can be
considered two-phase everywhere in the channel (recall that liquid
enters the channel at saturation temperature). We also observe that
the pressure loss decreases as the gravity level is decreased.
The effect of gravity level on the pressure loss it two-fold. First,
there is direct inﬂuence through the gravitational pressure loss,
expressed in terms of the void fraction a using simple formula from
hydrostatics,

DPG ¼

ZL
9ðzÞgdz;

(1)

9ðzÞ ¼ aðzÞ9V þ ð1  aðzÞÞ9L :

(2)

0

Fig. 3. (a) Original image minus the average image, (b) original image divided into 9
parts, (c) image analyzed.

compared with the previous images in order to identify the region
with a problem and to re-adjust the threshold of the ﬁlter. This is
possible since the proﬁles are very similar between two consecutive images.
3. Experimental results
During a ﬂight, the experiments are conducted with a constant
heat ﬂux supplied to the channel. Several values of the heat ﬂux are
investigated, from 15 to 55 kW m2. The mass ﬂow rate values are
from 30 to 248 kg s1 m2. Due to the short time interval between
two parabolas (120 s), the mass ﬂow rate decrease has to be small
so that there is enough time to reach a new steady-state conﬁguration. The experiments are performed twice for the same heat ﬂux
and the same mass ﬂow rate to realize two movies: one during
hypergravity and one during microgravity. The channel orientations both in 1g and 1.8g are vertical to investigate the inﬂuence of
gravity along the main ﬂow axis. Reproducibility tests have been
performed before ﬂight campaigns at normal gravity. Heat losses
are estimated considering natural convection and radiation form
the cement. The locations of temperature and pressure measurements are detailed in Luciani et al. [17].

Second, there is less direct inﬂuence due to changes in the
overall ﬂow structure (bubble sizes and growth rates, coalescence
rates, etc.) with gravity level. In order to better understand such
inﬂuence, it is useful to re-plot the experimental results with the
term DPG subtracted from the total pressure loss, as is done in Fig. 6.
The pressure drops redeﬁned this way are still signiﬁcantly
different for different gravity levels, clearly indicating that the
effect of gravity is not limited to the hydrostatic contribution.
To clarify the physical meaning of the quantity plotted in Fig. 6,
we note that after the hydrostatic effects are subtracted, the pressure drop is in general determined by the combination of frictional
and inertial pressure loss. The latter can be estimated from

DPI ¼ 9L UL2 ðSðLÞ  1Þ

(3)

SðzÞ ¼

uG ðzÞ
uL ðzÞ

(4)

SðzÞ ¼

cðzÞ ð1  aðzÞÞ
9L
aðzÞ
9V ð1  cðzÞÞ

(5)

The liquid inertial contribution for our parameter range is
always below 15 Pa, which is less than 1% of the total pressure loss.
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Gravity level (g)
2.0
1.8

Microgravity
period

1.6
1.4
1.2
1.0

Hypergravity
period

0.8
0.6

Normal
gravity

0.4
0.2
0.0
-0.2
0

10

20

30

40

50

60

70

80

90

100

110

120

Fig. 4. Typical sequence of a parabola during a parabolic ﬂight.

Thus, we conclude that the result shown in Fig. 6 basically represents the frictional pressure loss in our two-phase ﬂow, i.e.

DPF zDPT  DPG :

single-phase liquid ﬂow pressure loss. The latter can be estimated
from the expression discussed in detail in Fuerstman et al. [20] and
written in the notation of the present article as

(6)

According to Fig. 6, the frictional pressure loss increases linearly
with the Reynolds number and increases with gravity level. In
hypergravity, the frictional pressure drop is about 1.3 of the value
corresponding to normal gravity, while it is half of that value during
experiments conducted in microgravity. Comparing the slopes of
the lines in Fig. 6 suggests that the frictional pressure drop
increases linearly with the gravity level, but more data at different
gravity levels should be obtained to conﬁrm this.
Let us now discuss the results for pressure loss under microgravity in more detail. First, we observe that the two-phase pressure drop recorded in experiments is signiﬁcantly higher than the

Fig. 5. Total channel pressure loss as a function of the inlet liquid Reynolds number for
Qw ¼ 15 kW m2.

DP ¼

amL LUm
;
rL H2



pW 1
192H
a ¼ 12 1  5 tanh
:
2H
p W

(7)

For the mass velocity of Um ¼ 138 kg m2 s1, the single-phase
pressure drop in microgravity is 166 Pa, while the measured value
for the two-phase ﬂow is approximately 1200 Pa. One may argue
that in the regime when the void fraction is very high everywhere
along the channel, a model of single-phase ﬂow of vapor can give
accurate predictions. However, even though estimates based on
single-phase ﬂow of vapor are much closer to the experimentally
measured values of the frictional pressure loss in microgravity, they
do not explain the dependence of pressure loss on gravity. In fact, in

Fig. 6. Total pressure loss with gravitational pressure loss subtracted out, plotted as
a function of the inlet liquid Reynolds number.
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single-phase viscous ﬂow models the pressure losses should the
identical when the hydrostatic pressure loss is subtracted out,
which is in contradiction with the experimental results shown in
Fig. 6. Thus, understanding the structure of the two-phase ﬂow is
essential for explaining the data on pressure loss in microgravity.
Different approaches to modeling of two-phase ﬂows in rectangular channels have been proposed in the literature depending
on the characteristic bubble sizes. If bubbles are small compared to
the channel cross-sectional size and at low concentration, the ﬂow
can be modeled as single-phase ﬂow with small corrections to
density and viscosity due to the presence of the bubbles. However,
such approach does not lead to predictions of a dramatic increase of
the pressure drop compared to single-phase ﬂow without bubbles.
For bubbles which almost completely ﬁll the cross-section, a key
contribution to the pressure loss is due to pressure drops at the
front and back caps [15,20]. If our ﬂow is modeled by a sequence of
such bubbles, then a moderate increase in the pressure drop
compared to single-phase ﬂow can be obtained, but the explanations for the signiﬁcant increase in the pressure loss seen in
experiments and its dependence on the gravity level are still lacking. An alternative approach is to consider bubbles of intermediate
dimensions which are growing at nucleation sites, partially ﬁlling
the channel cross-section and thus acting as obstacles to the liquid
ﬂow. The effect of such bubbles is to effectively reduce the crosssection for the ﬂow (since the actual mass loss due to phase
change is not signiﬁcant due to the large ratio of the densities). We
believe that this situation provides a better description of the
experimental observation than the other models discussed above.
For high void fraction values, the pressure loss increase by a factor
of 5 or 6 can be easily explained. Furthermore, increase in void
fraction in microgravity, discussed in more detail in the following
section, provides an explanation for the differences between
pressure losses in hypergravity and microgravity.
4. Void fraction variation

Fig. 8. Void fraction variation along the minichannel [Qw ¼ 20 kW m2,
Um ¼ 124 kg m2 s1].

fractions are observed near the minichannel entrance and the void
fraction tends to increase in the direction of the ﬂow along the
minichannel. For higher mass velocities, 217 kg m2 s1 and above,
the void fraction increase is approximately linear, associated with
bubbly ﬂow. At lower velocities, the void fraction increase is no
longer linear; in fact, the curves start to ﬂatten at about 17 mm from
the channel entrance for Um ¼ 186 kg m2 s1 and at z15 mm for
147 kg m2 s1. The part of the channel which corresponds to
nearly constant void fraction is typically characterized by high
coalescence rate, as seen in the videos of the two-phase ﬂows.
4.2. Inﬂuence of the gravity level

4.1. Inﬂuence of the ﬂow regime

Experiments were performed for the same experimental
conditions twice to record the ﬂow patterns under hypergravity
conditions and microgravity conditions. Let us ﬁrst consider the
experimental data at relatively low heat ﬂux of Qw ¼ 20 kW m2

Void fraction (-)

Void fraction (-)

The void fraction proﬁles along the minichannel are shown in
Fig. 7 for different mass velocities at constant heat ﬂux provided to
the minichannel under hypergravity (see Fig. 7). The mass velocities are in the range between 147 and 248 kg m2 s1 and the heat
ﬂux is constant at 45 kW m2. For all mass velocities, low void

Fig. 7. Void fraction
[Qw ¼ 45 kW m2].

Void fraction (-)

1324

variation

along

the

minichannel

under

hypergravity

Fig. 9. Void fraction variation along the minichannel [Qw ¼ 32 W m2,
Um ¼ 131 kg m2 s1].

D. Brutin et al. / Applied Thermal Engineering 51 (2013) 1317e1327

shown in Fig. 8, which indicates higher void fraction under reduced
gravity compared to hypergravity at the same locations in the
minichannel. Both variations are approximately linear along the
minichannel.
The changes in the volume fraction variation under microgravity
can be understood using the following simple considerations. The
variation of the void fraction along the minichannel depends on
two factors: the growth rate of bubbles by evaporation and the rate
at which the bubbles are advected by the ﬂow. The bubbles near the
entrance to the channel are expected to be small (since the ﬂuid is
single-phase as it enters the channel) and therefore their growth is
governed mostly by inertia effects. At this stage, the key factor in
bubble growth is the value of the pressure built up inside as a result
of evaporation, so the growth rate can be assumed constant in time
and independent of the thermal ﬁeld around the bubble, meaning
that the characteristic bubble size Rb is

Rb ¼ A1 t:

1325

(8)

As the bubble travels along the channel at a characteristic
velocity Ub, the void fraction should increase according to the
bubble size at a location z, meaning that in the region near the
channel entrance the characteristic bubble sizes are determined
by Rb ¼ A1z/Ub and therefore the void fraction is linear in z (in
fact, proportional to z/Ub). Such linear regime is indeed observed
in Fig. 8 except near the end of the channel. We note that in
reality there is a size distribution of bubbles due to some degree
of randomness in the initial nucleation locations, so all arguments in the present section should be understood in the average
sense.
The bubble velocity, Ub, under normal or hypergravity can be
written as a combination of the effects of buoyancy and the external
pressure gradient [14],

Fig. 10. Flow patterns sequence (one image every 10 ms presented) in a 0.84 mm diameter minichannel during hypergravity and microgravity (see movie provided online) for
Qw ¼ 32 kW m2 and Qm is 71.6 kg m2 s1.
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Ub ¼ CU0 þ V;

D. Brutin et al. / Applied Thermal Engineering 51 (2013) 1317e1327

(9)

where U0 is the average ﬂow velocity at the channel entrance, C is
a coefﬁcient which depends on channel geometry, and V is the
bubble rise velocity under the conditions when liquid is at rest. For
rectangular channels, the coefﬁcient C is close to unity for a range of
conditions [20,21], while the velocity V according to the model of
Clanet et al. [16], applied to the conditions of hypergravity, is

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1:8gP
;
V ¼
8p

(10)

where P is the cross-section perimeter. For minichannels used in
the experiments, V is approximately 0.095 m/s. Based on the mass
velocity in Fig. 8, U0 ¼ 0.089 m/s, leading to an estimate of the
bubble velocity Ub ¼ 0.184 m/s (with C z 1). Under the conditions
of microgravity, the bubble velocity is equal to U0, so the ratio of
bubble velocities for two gravity levels is equal to 2.07. According to
our model, the slope of the void fraction line is inversely proportional to the bubble velocity, so the slope for the case of microgravity should be higher than for hypergravity, by a factor of 2.07.
This is in excellent agreement with the measured value of the slope
ratio of 2.03.
It is important to note that the above considerations are based
on the assumption that no bubbles are present near the channel
entrance and that the effects of bubble coalescence and ﬁnite width
of the channel are not signiﬁcant. Furthermore, the model also
neglects the thermal effects. If the latter dominate bubble growth,
its radius should grow with time according to t, resulting in the
square-root-type dependence of the void fraction on the spatial
coordinate. This is in qualitative agreement with the fact that void
fraction curves at lower mass velocities tend to be more convex, as
seen e.g. in Fig. 7. We do not attempt more quantitative comparison
here since the ﬂow structure becomes too complex (due to bubblee
bubble and bubbleewall interaction) for our simpliﬁed models to
be quantitatively accurate under parameters corresponding to the
data in Fig. 7.
For higher heat ﬂux provided to the minichannel, the ﬂow
pattern with gravity is still qualitatively similar to the ones seen in
Fig. 8, while in reduced gravity the ﬂow is dominated by long vapor
slugs, as seen in Fig. 9 (Movie provided online). Void fraction data
for hypergravity is characterized by two regimes, which can be
qualitatively described by the two different mechanisms of bubble
growth, as discussed above. The nearly linear growth is seen in the
void fraction data in Fig. 9 at z up to w20 mm, followed by convex
curve at higher values of z. The void fraction curve under microgravity is more complicated due to formation and interaction of
long vapor slugs.
4.3. Film formation in reduced gravity
The visualization minichannel is used to analyze the two-phase
ﬂow structures directly from fast video recordings. In Fig. 10, we
compare two sequences of snapshots from the videos at a given
heat ﬂux and mass ﬂow rate. Differences in the bubble sizes for
different levels of gravity are clearly seen. In Fig. 10, the exit vapor
quality in both cases is 0.2. The hypergravity frame at the bottom
and the middle of the channel shows a lot of small bubbles,
whereas for the microgravity frame large vapor plugs are observed.
Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.applthermaleng.2012.11.017.
The bubble sizes observed during the hypergravity period can
be explained by the force balance on the bubble. The bubble
departure from the nucleation sites is also inﬂuenced by gravity.
The heating surface is vertical; the buoyancy force tends to detach

the bubble from its nucleation site whereas the capillary force
tends to maintain the bubble shape. The two forces are described
using the Bond number which compares the gravitational force to
the surface tension force. For both cases, the forced convection due
to the constant mass ﬂow rate injected will detach the bubble.
However without gravity, a bubble can grow on the vertical surface
and become signiﬁcantly larger compared to the situation with
gravity. Also, an increase in the number of bubbles induces greater
frictional pressure loss.
The heat transfer enhancement under reduced gravity everywhere along the minichannel and especially at the channel
entrance has been observed previously by Luciani et al. [17]. While
close to the minichannel entrance, this result can be explained by
the difference in ﬂow patterns and void fraction, the heat transfer
enhancement away from the entrance, where the ﬂow patterns
turn out to be rather similar, is more difﬁcult to explain. We
propose the following mechanism. As a bubble moves through the
channel, it is separated from the channel wall by a thin ﬁlm, as
sketched in Fig. 11. This ﬁlm is essentially a trailing ﬁlm behind the
frontal part of the bubble, formed by the LandaueLeviche
Bretherton type mechanism discussed in detail in e.g. Ref. [15].
The typical thickness of this ﬁlm increases with bubble velocity. In
microgravity, buoyancy is negligible and bubbles move slower (as is
also seen in the movie provided online), resulting in reduction of
the ﬁlm thickness. Note that the presence of the gravity also
modiﬁes the structure of the transition region between the front of
the bubble and the ﬁlm on the wall, but for the Bond numbers of
interest here, this modiﬁcation does not have a dramatic effect on
ﬁlm thickness, which mostly is deﬁned by the value of the bubble
speed. The thin ﬁlm formed on the wall makes a signiﬁcant
contribution to the heat exchange between the wall and the twophase ﬂow since for ﬁxed temperature drop across the ﬁlm, the
heat ﬂux is inversely proportional to ﬁlm thickness. Thus, the ﬂux
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Fig. 11. Film formation inside vapor plugs in microgravity.

D. Brutin et al. / Applied Thermal Engineering 51 (2013) 1317e1327

across the ﬁlm is higher as its thickness is decreased, so the heat
removal from the hot surface of the channel is more efﬁcient.
5. Conclusions
The inﬂuence of gravity level on ﬂow boiling has been investigated during two parabolic ﬂights campaigns. We found that in
microgravity, the frictional pressure loss is about a half of the value
at normal gravity while during hypergravity (1.8g) it is 1.3 times
higher than at normal gravity. The increase in the pressure drop has
been explained by the decrease of the void fraction with gravity
level since lower void fraction leads to increase of the effective
cross-section for the liquid ﬂow.
The ﬂow pattern analysis shows that the two-phase ﬂow is
typically characterized by relatively small bubbles in hypergravity
while big slugs tend to form under the conditions of microgravity.
The bubble departure diameters are strongly inﬂuenced by gravity
due to the buoyancy effects, leading to the increase of the frictional
pressure loss with gravity. Void fraction changes along the channel
for different gravity levels have been explained based on the mathematical models predicting the velocity of bubbles traveling through
rectangular channels under different conditions. In particular, our
model gives accurate predictions of the change of slope of the void
fraction curve with gravity in the regime when the increase of the
void fraction along the channel is approximately linear.
The local heat transfer enhancement found in Luciani et al. [17]
has been explained in the present study by analyzing thin ﬁlms
separating vapor plugs from the wall of the channel. The ﬁlm
thickness is expected to be lower in microgravity, resulting in higher
values of the heat ﬂux even when the ﬂow patterns are similar.
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