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a b s t r a c t
The formation and growth of bubbles due to decompression degassing of a liquid has been extensively
studied in the past, aiming to enhance the eﬃciency of speciﬁc industrial applications. Even though liquid decompression degassing may interfere with the performance of space processes (such as cooling
and lubrication systems, combustion and storage of liquid propellants etc.), the phenomenon has never
been studied in non-terrestrial gravity conditions. The present work investigates for the ﬁrst time, bubbles dynamics of a degassing liquid under various hypergravity accelerations. Degassing bubbles form due
to desorption of dissolved air upon decompression of a liquid jet partially saturated with air. Accelerations up to 12 g are applied artiﬁcially by means of the Large Diameter Centrifuge facility of the European
Space Agency. A patented electrical impedance spectroscopy technique provides the distribution of desorbed gas along the ﬂow. Analysis of high resolution images indicates changes of bubbles size. Residence
time distributions using conductivity tracers reveal the ﬂow pattern in the degassing vessel. The total extent of liquid degassing is derived from dissolved oxygen measurements. Hypergravity alters the bubbles
velocity and, consequently, their residence time in the liquid. Therefore, it affects the gas fraction in the
degassing vessel offering unique conditions for studying the impact of acceleration on bubble dynamics.
Experimental ﬁndings are useful not only for the optimization of space processes during hypergravity
phases, e.g., space vehicles launch and re-orbiting, but also for the construction of controlled degassing
industrial applications.
© 2019 Elsevier Ltd. All rights reserved.

1. Introduction
Degassing of a liquid constitutes a common industrial and biological process that, either spontaneously or deliberately, leads
to formation of a gas-liquid two-phase medium. Bubbles generated during liquid degassing are customary characterized by their
small size and narrow size distribution. These properties render
degassing generated bubbles appropriate for a number of processes where good gas phase dispersity is required (Burns et al.,
1997). Dissolved Air Flotation (DAF) process uses degassing bubbles
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to thicken activated sludge, to remove low density particles from
potable water and to remove oil contaminants from wastewater
(Radzuan et al., 2016). In other ﬁelds of application, degassing bubbles constitute the agent for the characteristic sparkling ﬂavor of
carbonated beverages (Liger-Belair et al., 2015) and for improving
spray atomization in ﬁne droplets (Caputo et al., 2010). However, in
some applications it is vital to avoid degassing as it deteriorates either the materials quality or the process eﬃciency. Pumps pitting,
wine oxidation, irregularities in glass or plastic molds and coatings, bacteria growth in crude oil and the advent of decompression
sickness in divers and astronauts are some indicative detrimental effects of degassing (Chen, 1993; Lopes et al., 2009; Alshahrani
et al., 2015; Birdi and Kleinitz1998; Papadopoulou et al., 2013). In
some of the latter applications, partial liquid degassing is sometimes performed as a primary processing stage, aiming to free the
working liquid from dissolved gases and thus prevent uncontrolled
degassing later during the main process.
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The last decades, degassing of liquids has become a matter of
great concern in aerospace applications as well. Alike to increasing the dispersion of a common spray, bubbles formation improves
spreading of liquid propellants injected to the combustion chamber of a rocket (Huang et al., 1994). Liquid storage in space requires tanks resistant to oxidation in case of contact with desorbed oxygen (DeSain et al., 2015; Hearn and Coyle, 2007). Bubbles presence in coolants and lubricants inhibits thermal regulation
of electronics and turbines in workstations and satellites (Chen
et al., 2001; Sathyan et al., 2010). Admittedly, the behavior of bubbles in space has been reported mostly for microgravity conditions
(Straub, 2005). Yet, science in space does not consider only phenomena occurring in the absence of gravity. During the launch or
re-orbiting of space vehicles, rocket engines and boosters impose
hypergravity accelerations to overcome the gravity of Earth or adjust vehicles’ orbit. To our knowledge, the effect of hypergravity
conditions on bubble dynamics has been reported only for boiling
and gas sparging experiments (Lioumbas and Karapantsios, 2014;
Sunol and Gonzalez-Cinca, 2015). Even though severe degassing
may occur in space applications involving liquids, the dynamics of
degassing bubbles have never been examined at increased gravitational accelerations.
For degassing to occur, a liquid supersaturated with dissolved
gas is required. For instance, when a pressurized liquid containing
dissolved gas is forced through a nozzle it experiences a substantial pressure drop. Consequently, the concentration of dissolved gas
in the exiting liquid may largely exceed the equilibrium gas solubility associated with the nozzle exit pressure. As a result, bubble
nuclei form in the liquid stream and a dissolved gas concentration gradient develops around the generated bubbles. Therefore,
gas molecules diffuse from the liquid to the bubbles increasing
their size (Soto et al., 2017). As bubbles grow, their boundaries expand and create additional ﬂow as they push the surrounding liquid in the radial direction. The ensuing convection contributes to
the overall bubbles size evolution (Mori, 1998). A second source
of convective mass transfer is attributed to the relative bubbleliquid motion. Buoyancy is superimposed to the liquid ﬂow and
causes bubbles to rise faster than the liquid (Talaia, 2007). Bubbles
interactions with their neighboring bubbles may cause additional
changes to their size (Ponasse et al., 1998).
To harness the performance of liquid degassing, it is necessary
to understand which parameters affect bubble dynamics and in
what way. Many researchers have focused on determining the ﬁnal
size of degassing bubbles under the effect of several parameters, in
an effort to deﬁne the optimum working conditions for Dissolved
Air Flotation process. Dissolution pressure, nozzle geometry, liquid
ﬂow rate and liquid physical properties have been the most popular examined parameters (Takahashi et al., 1979; De Rijk et al.,
1994; Ponasse et al., 1998). Their impact on bubble dynamics is
different and sometimes debatable, as they may change simultaneously the level of supersaturation, the generated ﬂow ﬁeld and the
force ﬁeld applied to bubbles.
Recently, the controversial effect of dissolution pressure
on the growth of degassing bubbles has been discussed
(Oikonomidou et al., 2018). That work showed that the ﬁnal size
of bubbles is not exclusively determined by gas desorption, but it
depends strongly on the complexity of the developing liquid ﬂow
ﬁeld. In the intense mixing region above the exit of the nozzle,
bubbles residence time increases and bubble size distributions get
broader. The situation changes at some distance from the nozzle
where plug ﬂow prevails. In that region large bubbles merge with
small ones due to gravitational coalescence and alter the overall
size distributions. To shed light in the underlying phenomena, it
is therefore necessary to simplify the ﬂow ﬁeld and isolate bubbles growth by gravitational coalescence from bubbles growth by
gas desorption. The above is achieved in the present work, by em-
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ploying a much shorter degassing device which limits development of the plug ﬂow region. Going a step further, this study also
aims to investigate the dynamics of degassing bubbles under varying relative bubble velocities. It is known that acceleration can act
as a tool to alter bubbles rise velocity by modulating the buoyancy force (Kulkarni, 2005). The role of acceleration, however, is
far more intriguing since it can affect bubbles size as well. Rapid
bubble ascension provokes liquid ﬂow, favors bubble collisions and
limits the interfacial mass transport since the gas-liquid contact
time becomes restricted.
The present work constitutes an attempt to validate by experimental evidence the crucial role of acceleration on bubbles dynamics during liquid degassing and on ﬂow pattern development in a
two-phase medium. Experiments are conducted at a variety of hypergravity acceleration values. The Large Diameter Centrifuge (LDC)
facility of the European Space Agency (ESA/ESTEC) is used to create hypergravity conditions artiﬁcially (van Loon et al., 2008). Bubbles formation is triggered by applying different levels of supersaturation. The resulting two-phase ﬂow is characterized regarding
several aspects. Jet residence time distributions indicate possible
changes of the ﬂow pattern under different experimental conditions. Instantaneous volumetric gas fraction measurements at two
locations inside the degassing vessel describe the dispersion of the
desorbing gas phase along the ﬂow. Optical observations yield the
size distribution of the generated bubbles. Finally, the extent of liquid degassing is quantitatively estimated. Experimental results are
extensively discussed regarding the contribution of acceleration on
the characteristics of degassing bubbles.
2. Materials and methods
Fig. 1 presents the liquid degassing experimental apparatus
constructed in compliance with the spatial constraints as well
as the operational and safety regulations of the LDC. Fig. 2 is
a schematic description of the employed experimental conﬁguration. The studied liquid-gas system is water (with a conductivity

Fig. 1. Main parts of the liquid degassing experimental apparatus inside the centrifuge gondola.
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Fig. 2. Overview of experimental conﬁguration within the LDC.

of 500 μS/cm) and atmospheric air at ambient temperature. Air
is forced to dissolve in water at three different pressures 200 kPa,
300 kPa and 400 kPa (absolute pressures) inside a temperature controlled vessel called “saturator”. The saturator contains 1.5 L of liquid and is connected to a compressed air bottle furnished with
a pressure reducer. Air dissolution in water is achieved by vigorous shaking of the saturator for one minute. Intense convection
currents and large liquid-gas interfacial area due to liquid sloshing amplify mass exchange. One minute of shaking proved enough
for the pressure in the saturator to climb after an initial drop and
remain thereafter constant at the prescribed gas dissolution pressure. The degree of air dissolution is measured by an optical Dissolved Oxygen probe (Pro ODO, YSI). Despite the employed vigorous shaking/sloshing, it has never been possible to reach full
saturation of the liquid by dissolved gas. In fact, the achieved saturation has been always partial: 91% at 200 kPa, 86% at 300 kPa and
85% at 400 kPa. Such partial saturation levels are among the highest reported in the pertinent literature and are considered realistic
in degassing investigations (Edzwald, 2007; Vlyssides et al., 2004;
de Rijk and den Blanken, 1994; Hosokawa et al., 2009; Shannon,
1980). In view of brevity, however, the liquid in the saturator will
henceforth be simply called saturated.
The degassing vessel is a transparent Plexiglas column connected to the saturator through ﬂexible polyamide tubes. The column is 44 cm high with a diameter (D) of 4 cm and it is open to
atmosphere. The column is initially ﬁlled to the top with water
(0.55 L). A stainless-steel nozzle (N) 600 μm in diameter is located
at the bottom center of the column. By opening the solenoid valve
(V4) between the saturator and the degassing column, the saturated pressurized liquid passes through the nozzle and injects into
the column. The liquid ﬂow rate during injection is measured by
a turbine ﬂow meter (FHK-Ryton-10) (FM). The liquid jet exiting
the nozzle gets supersaturated with dissolved gas because of the
lower pressure in the column. Therefore, gas desorbs out of the
liquid forming bubbles which grow due to mass diffusion and convection mechanisms. The experimental process resembles that of
large scale liquid degassing experiments at terrestrial gravity reported by Oikonomidou et al. (2018).

−→

Fig. 3. Analysis of the artiﬁcial experimental acceleration (αexp ) developed during
spinning of the LDC.

All hypergravity experiments are performed using the Large
Diameter Centrifuge (LDC) facility at ESA/ESTEC Noordwijk, the
Netherlands, along with experiments at terrestrial unit gravity to
act as reference. The experimental setup is placed in one of the
gondolas freely hanging from the LDC arms, Fig. 2. Hypergravity environment is accomplished artiﬁcially during the spinning of
−−→
the LDC. Experimental acceleration (αexp ) results from the com−−→
bination of centrifugal (αcent ) and gravitational (g) accelerations
as presented in Fig. 3. Since the gondola’s radial distance from
the center of rotation (Rarm ) is ﬁxed, variation of acceleration can
 ). The free
be accomplished by changing the speed of rotation (ω
hanging gondola changes spontaneously its inclination (ϕˆ ) according to the employed speed of rotation to an extent that cancels the
tangential acceleration component leaving only the normal component of acceleration applying to the gondola. As the gondola
inclines, the degassing column inside the gondola acts as an extension of the LDC arm (x) along which the normal acceleration
component increases with “x”. More information regarding the
forces applied during spinning of centrifuges are provided by
Beysens and van Loon (2015) and van Loon et al. (2003).
Liquid degassing experiments are carried out under 2 g, 4 g,
8 g and 12 g normal acceleration components. These values refer
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Table 1
Experimental conditions under the examined dissolution pressures and hypergravity accelerations.

exactly to the nozzle exit location. The desired acceleration level
remains constant during each experimental run. The corresponding LDC angular velocity reaches steady state and only then liquid
injection starts. Hypergravity makes the liquid hydrostatic pressure
in the column to increase proportionally with the applied acceleration. Therefore, as hypergravity increases the pressure drop between the saturator and the exit of the nozzle is lower and this
reduces the liquid ﬂow rate. To maintain the same ﬂow rate for
each prescribed dissolution pressure, for all values of hypergravity,
a small increase in the pressure inside the saturator is required in
order to compensate for the hydrostatic pressure. To do so, upon
completion of the gas dissolution process and just before liquid injection into the degassing vessel, the pressure in the saturator (PI3)
is corrected by the corresponding additional hydrostatic pressure.
In the absence of shaking/sloshing and because of the very short
time interval until injection, this correction does not affect the extent of gas dissolution. Table 1 presents experimental parameters
under different dissolution pressures and acceleration forces. Jet
velocity at the nozzle exit (Ujet ) equals the liquid ﬂow rate (Q) divided by the nozzle cross-sectional area and ﬂow velocity (Uﬂow )
equals the liquid ﬂow rate divided by the column cross-sectional
surface. The last row of Table 1 shows the pressure correction applied to the saturator at every hypergravity level to compensate for
the additional hydrostatic pressure in the column.
According to Stokes equation, the buoyancy velocity of bubbles
increases with the acceleration. Consequently, the two-phase ﬂow
ﬁeld developing during injection and degassing is quite complex.
High jet velocities make the ﬂow turbulent and chaotic, this being
more so because of the progressive emergence of bubbles. So, to
discriminate the phenomena imposed by the presence of bubbles,
it is important to ﬁrst characterize the ﬂow ﬁeld in the absence
of bubbles. For this, a patented ultra-sensitive electrical impedance
spectroscopy technique (Karapantsios et al., 2016) is utilized to
study the residence time distribution of the water jet inside the
column. The technique identiﬁes the excitation current frequency
with the highest ohmic response of the system, where capacitive
and inductive electrical components are suppressed, and acquires
data in envelopes circumscribed at 200 kHz which evades the parasitic inﬂuence of the mains and other stray currents. An extensive
description of the technique is provided by Evgenidis and Karapantsios (2015). Liquids of different electrical conductivities are

129

used to study the jet propagation at different dissolution pressures.
During these “ﬂow study” experiments, a high conductivity pressurized liquid (480 μS/cm) is injected into a low conductivity liquid preexisting in the column (240 μS/cm). The evolution of liquid
electrical conductivity is recorded at 30 cm above the nozzle exit
(z/D = 7.5, where “z” is the height along the column), during the
whole injection period.
The same electrical impedance technique is also used to study
gas phase formation during degassing of the supersaturated liquid injected at hypergravity conditions. During the injection period, the electrical resistance of the ﬂow is continuously recorded
at z/D = 7.5 above the nozzle exit. The recorded electrical data
are transformed into volumetric gas fraction time series based on
Maxwell’s model.
The size distribution of degassing bubbles under various accelerations is studied optically using a SONY a6300 high resolution (24MP) still digital camera. Adequate magniﬁcation is accomplished combining a SONY E 30 mm f/3.5 Macro Lens with 52 mm
long KENKO extension tubes. The camera is placed at z/D = 7.5
above the nozzle exit and focuses 3 mm ±0.5 mm away from the
column walls (r/R = 0.85, where “r” is the radial distance from the
column center and “R” is the column radius). Bubble images are
captured automatically every 2 s during injection. A custom software computes the size distribution of bubbles in the captured
images (Zabulis et al., 2007). For the shake of statistic accuracy,
each bubble size distribution is estimated from 500 to 1500 sharp
focused bubbles, contained in a series of consecutive images. The
pixel/μm ratio is 1/1.93. The size per pixel calibration is accomplished using a string of speciﬁc thickness (56μm) as a reference
scale. The different Indexes of Refraction (IR) of the mediums intervening the camera and the bubbles (air, plexiglass and water),
combined to the curved column walls, distort the actual bubbles
shape. Viewing at right angle the column, minimizes this effect.
Yet, a mesh of standard geometry (immersed into the column) is
used as a reference object to test the image distortion. It is found
that the mesh vertical dimension is not affected by the presence of
the various intervening interphases, so the size of bubbles is calculated based on bubbles vertical diameter during image processing.
Proper assessment of experimental ﬁndings requires evaluation
of the total extent of degassing. This information is derived from
the concentration of oxygen remaining dissolved in the liquid exiting the column. During injection, the liquid overﬂowing the column enters a 40 mL measuring tube. A dissolved oxygen optical
probe is immersed in this tube, measuring instantaneously the dissolved oxygen concentration. Liquid supersaturation at the column
exit indicates whether the total extent of liquid degassing varies
with the applied acceleration.
3. Results
3.1. Flow pattern
The ﬂow pattern in the degassing column, as illustrated by the
residence time distribution, is presented in Fig. 4a. Bubbles presence is not desired in these “ﬂow study” experiments, as they impose extra mixing to the ﬂow (Oikonomidou et al., 2018). To avoid
bubble formation in the degassing column, the liquid in the saturator is pressurized just before injection without applying any
shaking/sloshing in order to suppress gas dissolution into the liquid. Experiments are conducted under terrestrial gravity conditions; however they are valid for every applied acceleration value
since the effect of acceleration on liquid’s hydrostatic pressure has
been taken into account (as explained in the previous section).
The curves in Fig. 4a correspond to different dissolution pressures
in the saturator and therefore yield different decompression levels (P) upon injection to the degassing column. The duration of
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z is the height along the column.
E(z) is the dispersion coeﬃcient as function of the height (z)
along the column.
The above equation must be solved for the boundary conditions
of the vertical distance along the column. Therefore:

U f low · (C − C0 ) = E ·

dC
, at z = 0
dz

and

dC
= 0, at z = Z
dz

where C(z,0) = 0 is the tracer concentration at time zero i.e. initial
condition for Eq. (1).
C0 is the tracer concentration at the inlet of the column (z = 0).
Z is the column height at the measuring location (z/D = 7.5).

Fig. 4. (a) Jet residence time distributions using conductivity tracers at different
dissolution pressures ﬁtted by a theoretical equation, (b) distribution of the mixing
and plug ﬂow patterns along the column. Measuring volume refers to the location
of electrical and optical measurements.

injection decreases with the applied dissolution
√ pressure because
the jet velocity increases proportionally to P while the total
liquid volume in the saturator is always the same. Therefore, time
(t) data series are normalized by the corresponding average residence time inside the column (tr ) to make the curves comparable (the average residence time equals the volume of the column
up to z/D = 7.5, over the liquid ﬂow rate). The resemblance among
curves in Fig. 4a indicates that the ﬂow behavior is not affected
by the applied dissolution pressure. The increase of electrical conductivity with time denotes that the liquid bulk preexisting in the
column is replaced gradually by the more conductive liquid entering during injection. At the ﬁrst period of injection, t/tr < 0.26,
the recorded electrical conductivity is constant which means that
the liquid at z/D = 7.5 consists exclusively of the preexisting liquid.
This implies that plug ﬂow dominates at the top of the column.
Once the injected (more conductive) liquid reaches the measuring
location, electrical conductivity starts increasing and progressively
approaches that of the injected liquid. The transition from initial to
ﬁnal conductivity is gradual, meaning that the jet creates a mixing
region at the bottom part of the column. In order to quantify the
above behavior and get a simpliﬁed prototype of the ﬂow in the
column, a 1-dimensional dispersion relation has been developed
Eq. (1) for the residence time distribution.

∂C
∂C
∂
∂C
+ U f low
=
E (z ) ·
∂t
∂z ∂z
∂z

(1)

where, C is the tracer concentration, assumed to have a linear relationship with the measured electrical conductivity.

The variable C(Z, t) gives the residence time distribution for an
assumed form of E(z). Eq. (1) must be solved numerically since
an analytical solution exists only for constant E(z), even though
it is complex and suffers convergence problems (Nauman and
Buffham, 1983). The numerical solution is based on (a) discretization with second-order ﬁnite differences in the spatial domain and
(b) an ordinary differential equation solver with self-adjustable
step in the time domain. A searching procedure among different
values of E(z) that fulﬁlls the above observations indicates that
the functions E = 0 for z > 22.8 cm (z/D = 5.7) and E = U f low · Z for
z < 22.8 cm describe perfectly the experimental residence time distribution curves (see Fig. 4). Based on the above, the ﬂow ﬁeld inside the column consists of an intensively mixed region (although
not fully mixed, as this would correspond to a much higher E)
close to the jet, and a region of plug ﬂow far above the jet.
3.2. Volumetric desorbed gas fractions
Fig. 5 shows the time evolution of the local volumetric desorbed gas fraction (ε ), at z/D = 7.5 above the nozzle exit, under several hyper-gravity accelerations and dissolution pressures. At time
zero there is already a fraction of gas at the measurement location of the column. However, this gas volume is not attributed
to liquid degassing. It is gas trapped and compressed inside the
tubing system of the device which escapes instantaneously from
the nozzle at the moment of discharge and creates gas slugs into
the column during the ﬁrst seconds of injection. Such slugs travel
rapidly towards the free surface of the liquid and do not inﬂuence the formation of degassing bubbles. When later during injection degassing bubbles reach the measuring volume, the slope of
the curves turns positive. The more the column is ﬁlled with injected supersaturated liquid, the more the gas fraction increases.
Oikonomidou et al. (2018), analyzing solely terrestrial gravity experiments, has shown that gas fractions close to the mixing region (z/D = 7.5) have twice the value of those measured at a larger

Fig. 5. The evolution of volumetric desorbed gas fraction (ɛ(%)) during the injection under different hypergravity accelerations and dissolution pressures (a) 200 kPa, (b)
300 kPa and (c) 400 kPa. Measurements are taken at z/D = 7.5.
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Fig. 6. Volumetric desorbed gas fraction (ɛ(%)) at the end of the injection period,
under different accelerations, dissolution pressures and locations within the column.

column height (z/D = 22.5). This was ascribed to bubbles being
trapped and accumulated at a liquid recirculation loop in the mixing region.
It is interesting that for all the examined conditions in Fig. 5 the
volumetric gas fraction never exceeds ∼2.5%. Thus, bubbles can be
assumed to ﬂow as individual entities with only weak interaction
with their neighbors. The positive slope of all curves suggests that
gas fraction increases steadily in the column without ever managing to reach a plateau because of the relatively short period of the
experiment (period of injection). This implies that in all runs there
is remaining dissolved gas in the liquid at the end of injection. The
amount of this remaining dissolved gas indicates whether the extent of degassing is governed exclusively by the applied extent of
decompression or there is an effect of the applied acceleration, too
(see below).
Fig. 6 presents the effect of hypergravity acceleration on the
ﬁnal volumetric desorbed gas fraction, measured at two column
heights, z/D = 7.5 and z/D = 2.5, under different dissolution pressures. The presented experimental data refer to the end of the injection period, thus correspond to the same injected liquid volume to the column. Error bars result from three different repetitions under each experimental condition. Fig. 6 shows that the
ﬁnal concentration of desorbed gas fraction decreases with acceleration. To explain this behavior, the effect of acceleration on the
mechanism of mass transfer between bubbles and liquid must be
examined. Acceleration increases bubbles buoyancy velocity (Ub )
and therefore minimizes bubbles residence time in the column.
The restricted bubble/liquid contact time deteriorates the extent
of mass transfer during liquid degassing, resulting in lower gas
fractions. Moreover, acceleration broadens the difference between
the velocities of large and small sized bubbles (Ub ) according to: Ub ≈ αexp · (d12 − d22 ), where α exp , is the applied acceleration and d1 ,d2 are their respective diameters. This means that
the residence time of large bubbles in the column when acceleration increases becomes signiﬁcantly limited compared to that of
small ones. Considering that the faster large bubbles carry a great
percentage of the total desorbed gas volume, this explains why
the resulting instantaneous local volumetric gas fraction decreases
with acceleration. Regarding the effect of dissolution pressure, the
present experimental ﬁndings show that desorbed gas fraction increases with pressure due to higher liquid supersaturation. In general, the gas volume fraction takes small values (<2.5%) implying that there is one-way coupling between liquid and gas ﬂow
ﬁelds. Hence, the residence time distributions measured in the absence of bubbles (Fig. 4) hold approximately also when bubbles are
present.
The shape of curves in Fig. 6 suggests a power law equation ε =
n
b · αexp
for describing the decrease of volumetric gas fraction with

Fig. 7. Bubble images taken at the end of the injection period, at z/D = 7.5 and for
all the examined accelerations and dissolution pressures.

acceleration, regardless of the dissolution pressure. The coeﬃcient
(b) and the exponent (n) of this equation vary with the applied
dissolution pressure (P) (b = −2 · 10−5 · P 2 + 0.0165 · P − 1.314 and
n = −5 · 10−6 · P 2 + 2 · 10−3 P + 0.22, at z/D = 7.5).
Experimental data at z/D = 2.5 represent the bubbly ﬂow at the
mixing region of the column. Comparison of the corresponding values at z/D = 7.5 and z/D = 2.5 indicates a proﬁle of desorbed gas
along the column height for different experimental conditions. In
the case of 200 kPa, there is an increasing gas concentration gradient from the bottom towards the top of the column. This gradient
becomes steeper for higher acceleration values. Under hypergravity conditions, bubbles buoyancy velocity is important compared to
the low liquid velocity at 200 kPa (Table 1). As a result, during injection degassing bubbles can escape from the liquid recirculation
loop at the mixing region at the bottom part of the column. Under
the pressure of 300 kPa, measurements at the two heights indicate
that the desorbed gas phase is distributed quite uniformly along
the column. The slight increase of gas fraction at z/D = 7.5 can be
partially attributed to bubbles expansion due to the decrease of hydrostatic pressure as they move from the bottom to the top of the
column. Unfortunately we had only measurements at z/D = 7.5 for
the 400 kPa group. In this case, the buoyant bubbles velocity is not
so important compared to the intense velocity of the liquid. Therefore, bubbles are expected to get trapped in the liquid recirculation
loop and accumulate in the column mixing region.
3.3. Bubbles size distributions
Fig. 7 presents typical images of the bubbly liquid during degassing at z/D = 7.5 along the column, for all the examined accelerations and dissolution pressures. These images are captured at the
end of the injection period, so they refer to the same injected liquid volume. From a quick glance, it is apparent that the number
of bubbles decreases with the acceleration and increases with the
dissolution pressure. These observations agree with the gas fraction measurements presented in the previous ﬁgures.
To investigate whether the increase of gas fraction during injection, Fig. 5, is associated with a change in bubbles size, bubble size distributions (BSD) are displayed at different time instants
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Fig. 8. Bubble size distributions at different time instants during the injection period under 300 kPa dissolution pressure and (a) 1 g, (b) 2 g, (c) 4 g, (d) 8 g and (e) 12 g
applied accelerations.
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Fig. 9. Bubble size distributions under various accelerations and dissolution pressures (a) 200 kPa, (b) 300 kPa and (c) 400 kPa, at the end of the injection period.

along the injection period in Fig. 8. To avoid data overcrowding,
Fig. 8 displays only results for the dissolution pressure of 300 kPa.
The presented size distributions show that bubble size remains the
same during the whole injection period for all the examined accelerations. This holds also for the cases of 200 kPa and 400 kPa (not
shown). The observation that the size of degassing bubbles is not
affected by the increasing concentration of desorbed gas during injection implies that once bubbles reach a certain size thereafter it
is their number that increases and not their size. This means that
bubbles do not coalesce inside the column (since turbulent coagulation is limited for low gas volume fractions, Lyklema, 2005) and
that the growth of bubbles is exclusively attributed to desorption,
i.e., mass transfer.
The effect of hypergravity acceleration on the size of degassing
bubbles under different dissolution pressures is illustrated in Fig. 9.
As acceleration increases, the distributions shift slightly towards
smaller bubble sizes. This trend is more evident in the case

of 400 kPa. Before questioning the effect of acceleration on the
growth of degassing bubbles, one must quantify the effect of hydrostatic pressure on bubbles shrinkage/expansion. Since the hydrostatic pressure at the measuring location increases with the applied acceleration, the volume of a bubble is expected to change,
too, according to the ideal gas law. Considering the working conditions of the present experiments, the diameter of a bubble
at z/D = 7.5 under terrestrial gravity (d1g ) becomes 0.955 times
smaller when exposed to 12 g (d12g ) based on the following calculations Eq. (2):

P1g
=
P12g



d12g
d1g

3

Patm + Ph,1g
→
=
Patm + Ph,12g



d12g
d1g

3
→ d12g = 0.955 · d1g
(2)

where P1 g and P12 g are the pressures developed under 1 g and 12 g
accelerations at the measuring location.
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Fig. 10. Average size of degassing bubbles at the end of the injection period under
various applied accelerations and dissolution pressures.

Patm is the atmospheric pressure.
Ph,1 g and Ph,12 g are the liquid hydrostatic pressures developed
under 1 g and 12 g accelerations at the measuring location.
However, the proportionality factors resulting from the experimental data are much lower, implying that the decrease of
bubble size under high acceleration is dictated by other factors
(dav ,12 g /dav, 1 g is ∼0.6 and ∼0.73 for 300 kPa and 400 kPa, respectively, where dav ,12 g and dav,1 g are the bubble average diameters
for the corresponding accelerations). For the case of 200 kPa no
BSD is computed under 12 g acceleration because the low bubble
population density that does not allow statistically conﬁdent estimations. As already discussed, under high acceleration levels the
residence time of bubbles in the column is short owing to the
bubbles increased buoyant velocity. Hence, the smaller size of degassing bubbles may be attributed to the limited available time for
mass transfer. Furthermore, deviations among the velocities of different sized bubbles accentuate under high accelerations and thus
the residence time of large bubbles is much less than that of small
bubbles. As a result, the insigniﬁcant numeric frequency of large
bubbles shifts the distributions to smaller bubble diameters.
The correlation between the applied acceleration and the size
of degassing bubbles is illustrated in Fig. 10. This ﬁgure presents
the average bubble diameters under the examined accelerations
and dissolution pressures. The dashed lines are smoothing lines
passing through the data. These lines indicate a decreasing trend
of bubbles size with acceleration for every dissolution pressure.
However, the effect of dissolution pressure on bubble size is not so
straightforward. According to literature, the size of bubbles generated during liquid degassing decreases with increasing dissolution
pressure (Oikonomidou et al., 2018; De Rijk et al., 1994; Takahashi
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et al., 1979). This happens because upon decompression the concentration of excess dissolved gas in the liquid (supersaturation)
increases proportionally with the dissolution pressure but at the
same time the nucleation rate increases much more with supersaturation in a nonlinear fashion (Goldman, 2008). In the present
work, even though the smallest degassing bubbles form indeed under the highest dissolution pressure (400 kPa), the transition from
20 0 kPa to 30 0 kPa does not comply with the aforementioned description. The fact that bubbles created under 200 kPa are just
slightly smaller than those under 300 kPa may be attributed to
the ﬂow velocity. In the case of 200 kPa, the buoyant velocity of
bubbles is signiﬁcant compared to the low velocity of the liquid
ﬂow. Hence, at hypergravity conditions large bubbles escape easily
from the streamlines of the liquid recirculation loop and move towards the free surface, leaving behind small bubbles. In the case of
400 kPa, Oikonomidou et al. (2018), measuring at a higher column
(z/D = 22.5) and exclusively for 1 g conditions, have detected not
only small bubbles (dav ̴60 μm) but also large bubbles (dav ̴350 μm).
The presence of the latter has been attributed to coalescence phenomena dictated by gravitational acceleration in the plug ﬂow region at the higher parts of their column. These phenomena are absent in the present shorter column.
3.4. Gas desorption eﬃciency
Fig. 11 shows the concentration of dissolved oxygen in the liquid stream exiting the degassing column during the whole injection period, for all the examined conditions. The ﬁrst part of injection up to the marked vertical dashed line corresponds to the
time needed for the injected stream to reach the measuring location (Dissolved Oxygen optical probe). After that part, the dissolved
oxygen increases due to the continuous injection of supersaturated
liquid to the column. The thermodynamic concentration of dissolved oxygen that corresponds to liquid full saturation at 25 °C
and 101.35 kPa is 8.26 mg/L (Fogg and Gerrard, 1991). Apparently,
all the curves lie above this value, meaning that both the preexisting liquid inside the Dissolved Oxygen (DO) vessel and the initial
liquid inside the column (DO values right after the dashed line) are
slightly supersaturated (̴ 15%) already before injection. However, it
must be stressed that this initial supersaturation is not adequate
to trigger nucleation of degassing bubbles (Delale et al., 2003). Furthermore, the increasing trend of DO with time indicates that the
residence time of the injected liquid in the column does not suﬃce
for its complete degassing.
The ﬁnal extent of liquid degassing can be calculated based on
the DO measurements at the exit of the column at the end of
the injection period (DOﬁnal ). Liquid Degassing Degree (%) equals

Fig. 11. Dissolved oxygen concentration in the liquid overﬂow stream during a complete run under various accelerations and dissolution pressures (a) 20 0 kPa, (b) 30 0 kPa
and (c) 400 kPa.
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Fig. 12. The Liquid Degassing Degree under different accelerations and initial supersaturations.

DOinitial −DO f inal
DOinitial −DOsat

· 100, where DOinitial is the concentration of dissolved

oxygen in the compressed liquid volume in the saturator before
injection to the degassing column and DOsat is the thermodynamic concentration of dissolved oxygen corresponding to full saturation at 25 °C and 101.35 kPa. Initial supersaturation (%) equals
DOinitial −DOsat
· 100. Fig. 12 shows the Liquid Degassing Degree for
DOsat
different initial supersaturations, for all the examined hypergravity
accelerations. Before injection, the compressed liquid in the saturator attains initial supersaturation of 82%, 157% and 240% for gas
pressures 20 0 kPa, 30 0 kPa and 40 0 kPa, respectively. It is seen that
the eﬃciency of liquid degassing increases signiﬁcantly with the
initial supersaturation. This is because supersaturation is the driving force of liquid degassing (Karapantsios et al., 2008), and when
supersaturation increases mass transfer accelerates. Furthermore,
Fig. 12 shows that the Liquid Degassing Degree does not vary so
much with the applied acceleration. This means that the level of
applied acceleration does not affect the mass transfer during the
degassing of a ﬂowing liquid.
4. Discussion
To describe the occurred phenomena in view of the experimental observations some preliminary discussion and calculations are
needed. It is well known that degassing air bubbles have different
composition than atmospheric air because oxygen desorbs differently than nitrogen and this should be accounted for in a detailed
growth model. However, considering air as a single component is
acceptable for the approximate calculations required here.
Bubble growth occurs mainly due to diffusion of dissolved
gas in the liquid. The pure diffusion rate is enhanced by several
types of convective contributions: i) convection created by bubble growth itself, ii) convection created by buoyant motion and
iii) convection created by turbulent ﬂuctuations of the ﬂuid ﬂow.
The second and third types are important only when a bubble is
relatively large so they are not discussed further. The ﬁrst type
of convection depends on the Foaming number (Fm ) which is the
ratio of excess concentration of dissolved gas over gas density
(Divinis et al., 2004). This number takes values around 0.015, 0.03
and 0.045 for the three dissolution pressures of 20 0 kPa, 30 0 kPa
and 400 kPa, respectively. These values are quite small so convection of type (i) can be ignored as well. The evolution of bubble radius (Rb ) for diffusion dominated growth is given as Rb =
(2 · Fm · Dm · t )0.5 , where Dm is the diffusivity of gas in the liquid
(Scriven, 1958). A rough calculation shows that bubbles with diameters of the order of 100 μm require a growth time between 10–
30 s. This bubble growth time is smaller than the liquid residence
time in the column. This indicates that in the present experiments,
where most bubbles are even smaller than 100 μm, bubbles reach

Fig. 13. Probability density functions of bubbles buoyancy velocity for all the applied dissolution pressures, under the accelerations of 2 g and 8 g.

their ﬁnal size too soon in the intense mixing region. So, the imposed hypergravity acceleration does not really inﬂuence bubble
growth.
Another important variable that must be determined is the
buoyancy velocity of bubbles. Since bubbles of the present size in a
not-specially treated water can be considered to have an immobile
interface, their buoyancy velocity can be computed by introducing
a correction factor to the Stokes equation, accounting for their nonzero Reynolds number (Nguyen and Schulze, 2003). The resulting
formula is presented in the Appendix. Some indicative probability
density functions of buoyancy velocities are presented in Fig. 13,
together with the ﬂow velocities under the three working pressures. Fig. 13 shows that bubbles velocity decreases with the dissolution pressure and increases with the acceleration. Moreover, it
indicates that bubbles velocity is more important compared to the
ﬂow velocity under lower dissolution pressures.
With the above information (experimental and calculated) at
hand, the following possible physical picture arises:
Nucleation occurs only in the jet region where supersaturation
is large. According to Maeda et al. (2015), cavitation in the constriction of the nozzle may also affect the number of nuclei, however this remains an unclear issue. In any case, the number of generated nuclei is a function of dissolution pressure.
The produced nuclei are transferred to the intense mixing region of the column where they grow fast with respect to their residence time in the ﬂow. This fast growth is compatible with the
constant, with respect to time, bubble size distributions observed
experimentally (Fig. 8). The shape of the residence time distribution curves explains why there are no bubbles of small size at the
measuring location (z/D = 7.5). The fact that there is no acceleration effect on the degassing eﬃciency (Liquid Degassing Degree)
implies that bubble growth is independent from the acceleration
magnitude. The smaller size of bubbles (Fig. 10) and the lower local volumetric gas fraction (Fig. 6) observed at higher accelerations,
are not attributed to the restricted bubble/liquid contact time but
to the strong correlation between bubble velocity and bubble size.
Therefore, acceleration does not inhibit the process of mass transfer growth but it limits the instantaneous volumetric concentration
of the generated gas phase within the ﬂow by increasing the rate
of bubbles departure to the free surface.
Regarding space applications, the above indicates that in the occasion of liquids that degas at hypergravity conditions (during the
launch or re-orbiting of space vehicles), bubbles sliding along solid
surfaces or bubbles dispersing in a liquid jet depend on their buoyant velocity. Regarding terrestrial applications, the number and size
of degassing bubbles in industrial processes can be controlled by
carefully imparting hypergravity accelerations, e.g., by centrifugation. It must be noted that the results of the present work cannot be straightforwardly applied to a liquid other than water. This
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gas fractions during liquid degassing. The above observations are
attributed to the increased bubbles buoyancy velocity and not to
mass transfer restrictions, since the total extent of degassing is not
affected by acceleration. Regarding the effect of dissolution pressure on liquid degassing, the concentration of desorbed gas increases with pressure and the generated two-phase ﬂow gets homogeneously distributed along the column. Experimental ﬁndings
show that hypergravity accelerations in space applications (during
the launch or re-orbiting of space vehicles) may favor heat removal
in cooling systems, since then degassing bubbles travel faster and
do not accumulate in the ﬂow loop of micro-channels. From a
terrestrial perspective, centrifugal systems can be adopted in industrial applications where the concentration of degassing bubbles
should be minimized.
Fig. 14. Resulting bubble size distributions under different accelerations, as indicated by the proposed qualitative model.

is because the physicochemical properties of the liquid affect all
the involved sub-processes (nucleation, growth, coalescence, buoyant motion) in a complicated way.
The ﬁndings of this study allow the construction of a very
simple qualitative model for the effect of acceleration on bubble
growth. Let us consider the intensively mixed region of the column. Bubble growth is said to occur at smaller time scales than
its residence time in the column so at this level of approximation
there should be a bubble size distribution f0 (d) at 1 g conditions
that depends only on the dissolution pressure and can be considered as an inlet parameter for this region. Such a simple approach
is compatible with the observed increase of gas fraction and the
constant size distributions during the injection period. A simple
solution for the outlet bubble size distribution at different accelerations is:



faexp (d ) = f0 (d )

1+λ·

Ub (d )
U f low



(3)

where d: is the bubble diameter.
fα exp (d): is the resulting bubble size distribution under some
experimental acceleration (α exp ).
λ: is a parameter between 0 and 1 that depends on the exact
type of ﬂow in the considered region (in this case λ = 0.1).
The effect of acceleration on bubble size emerging from
Eq. (3) is illustrated in Fig. 14. It is apparent that Eq. (3) predicts
the shift of the distributions to smaller diameters and the reduction of gas volume fractions with the acceleration, as it has been
observed experimentally. Moreover, Eq. (3) unravels (at least qualitatively) the effect of different parameters on bubble size distributions. The supersaturation acts on f0 (d), the liquid ﬂow rate on
Uﬂow and the acceleration on Ub (d).
5. Conclusions
The present work investigates the formation of gas phase due
to degassing of a pressurized ﬂowing liquid in hypergravity conditions. The pressurized liquid becomes supersaturated with dissolved gas as it decompresses into an open column, ﬁlled with
stagnant unsaturated liquid. Before injection, the liquid is partially saturated with dissolved gas under 20 0 kPa, 30 0 kPa and
400 kPa. Hypergravity accelerations of 2 g, 4 g, 8 g and 12 g are
applied artiﬁcially, using the Large Diameter Centrifuge (LDC) facility of ESA/ESTEC. A custom device is constructed in compliance with safety regulations and spatial restrictions of the LDC,
for the execution of liquid degassing experiments. Increasing the
magnitude of hypergravity acceleration results in the formation of
slightly smaller bubbles and the desorption of lower volumetric
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Appendix. Formula for computation of bubble buoyancy
velocity
The formula used to calculate the buoyancy velocity (Ub ) for the
present size of bubbles, results from the bubbles terminal velocity
predicted by Stokes’ law (Ustokes ), corrected by Archimides number
(Ar) with respect to the not-specially treated water and the nonzero bubbles Reynolds number (Nguyen and Schulze, 2003). The
bubbles buoyancy velocity formula is presented below:

Ub =

Ustokes
1+

Ar
96

(1+0.079·Ar0.749 )

where, Ustokes =

0.755

2·Rb 2 ·aexp ·ρl
9 ·μl

is the bubbles terminal velocity pre-

dicted by Stokes’ law.
Ar =

8·Rb 3 ·ρl2 ·aexp

μ2l

is the Archimides number.

ρ l is the density of water.
μl is the viscosity of water.
aexp is the experimental acceleration.
Rb is the bubble radius.
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