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A B S T R A C T

This study compares the effect of Newtonian and non-Newtonian blood-mimicking test liquids on void fraction
and bubble size distribution (BSD) for the case of gas–liquid bubbly flow. Along with this comparison, the
novelty of the present work is extended to the examined conditions, which combine low void fractions (< 10−1)
with bubbles smaller than 1mm, resembling bubbly flow in human bloodstream during Decompression Sickness.
Such conditions, however, can be also found in common two-phase applications such as subcooled flow boiling
in macro-channels. Experiments are performed in co-current upward bubbly flow. Void fraction and BSD are
determined by a non-intrusive electrical impedance technique and by image analysis of bubbly flow images,
respectively. Xanthan gum is employed (0, 150 and 1000 ppm) to impart non-Newtonian (shear-thinning) be-
haviour to the baseline aqueous glycerol/NaCl test liquid. The role of surface tension (by adding Triton X-100)
and gas/liquid superficial velocities (Usg, Usl) on acquired data is studied as well. Results demonstrate that
increase of bubble size and decrease of void fraction is primarily due to the non-Newtonian liquid character
rather than the increase of dynamic viscosity caused by the addition of high Xanthan gum concentration. The
addition of surfactant (Triton X-100) decreases bubble size and increases void fraction. Furthermore, bubble size
and void fraction increase with Usg and decrease with Usl. Void fraction signal fluctuations show a strong de-
pendence on bubble size. Furthermore, the performance of an empirical equation that predicts average bubble
diameter from void fraction statistical quantities is tested and seems to be unaffected by the Newtonian/non-
Newtonian liquid behaviour. Of particular interest are the intense peaks noticed in void fraction signals for the
highest examined Xanthan gum concentration (1000 ppm) and the lowest examined liquid superficial velocity
(2.89 cm/s). These peaks correspond to voluminous bubbles clusters rising among isolated bubbles, which do not
appear at higher liquid velocities.

1. Introduction

Gas-liquid flow constitutes the most common type of two-phase flow
with an increasing number of industrial applications, including boilers
and condensers utilized in power generation or refrigeration, oil/gas
extraction wells and refineries, flame stabilizers and so on [1]. Bubbly
flow is a specific case of gas-liquid flow. It is characterized by random
dispersion of small, discrete bubbles inside the continuous liquid phase
[33] and can be found in numerous applications in power engineering,
chemical, food, pharmaceutical and other industries [7].

Decompression Sickness (DCS), which is a major concern for as-
tronauts, aviators and underwater scuba divers, is an interesting non-
industrial example of bubbly flow. DCS results from bubbles formation
in human blood or tissues due to prolonged exposure to reduced

ambient pressure [24]. Several studies investigated both in-vitro and in-
vivo bubbles formation and growth due to decompression in an effort to
advance the knowledge on DCS pathophysiology and, consequently,
improve its prevention and treatment [36]. On this account, Papado-
poulou et al. [37] developed an experimental setup that allows real-
time observation of bubbles growth (due to decompression) on muscle
and fat tissue surfaces immersed in gas saturated liquids. Interestingly,
most literature studies focus mainly on the behaviour of isolated pinned
bubbles growing during the initial phase of DCS and neglect the sub-
sequent bubbly flow when such isolated bubbles detach from their
nucleation sites. In addition, Newtonian liquids are usually employed to
simulate the rheological behaviour of blood [16,18,50]. Although blood
plasma can be considered as a Newtonian liquid, whole blood is a non-
homogeneous complex liquid which exhibits non-Newtonian behaviour
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[4,15]. Two unique characteristics of red blood cells (RBC) are pri-
marily responsible for this behaviour. At high shear rates, RBC undergo
an extensive passive shape change forcing them to align parallel to
laminar flow streamlines. As a consequence, blood viscosity and the
internal resistance of blood to flow decrease. At low shear rates, RBC
tend to form three-dimensional aggregate structures that are similar to
a stack of coins, known as ‘Rouleaux’ [12]. These structures contribute
to the observed exponential increase of blood viscosity [5,12]. In this
respect, non-Newtonian blood-mimicking test liquids are increasingly
employed for the rheological simulation of human blood. Addition of
Xanthan gum to blood analogue aqueous solutions is widely employed
to simulate the shear-thinning (pseudoplastic) behaviour of blood
[34,46].

Void fraction (volumetric gas fraction) and bubble size distribution
(BSD) are two fundamental determining parameters in gas–liquid flow
studies [48]. Knowledge of these parameters contributes to the de-
termination of flow regime, liquid mixing, heat and mass transfer and is
further essential for the setup and validation of CFD models [9]. Tra-
ditional techniques to measure void fraction include electrical, volu-
metric, optical, ultrasonic and radiation methods [54]. Among them,
electrical impedance techniques offer a variety of advantages, such as
high spatial and temporal resolution, easy implementation and non-
intrusiveness. Owing to these assets, this method has received much
attention and several types of electrical impedance sensors have been
proposed [28]. On the other hand, BSD is usually determined em-
ploying X-ray, image analysis, phase Doppler anemometry, electro-
resistivity probes, optical probes etc. [39]. With the remarkable im-
provement of digital imaging techniques in recent years, the application
of high resolution and high speed cameras combined with advanced
image processing algorithms has become attractive for BSD estimation
[21].

This work aims to study experimentally the case of vertical co-
current upward bubbly flow, where both Newtonian and non-
Newtonian (shear-thinning) blood-mimicking liquids are employed in
conditions resembling bubbly flow in human vena cava where bubbles
gather during DCS [43]. Such conditions, where low void fraction va-
lues (< 10−1) are combined with small bubbles (< 1 mm), can be also
found in other two-phase flow applications, e.g. subcooled flow boiling
in macro-channels [49]. Two key parameters are thoroughly in-
vestigated: (a) Void fraction by means of an ultra-sensitive, non-in-
trusive electrical impedance technique [26] and (b) Bubble size using
an optical method that performs digital image analysis of bubbly flow
images. The present study is a follow-up of the work of Evgenidis and
Karapantsios [16,17], who investigated the aforementioned two-phase
flow using exclusively a Newtonian blood simulant. However, blood
shows actually a non-Newtonian behaviour. To the author’s best

knowledge, the influence of Newtonian/non-Newtonian (pseudoplastic)
liquid behaviour on void fraction and bubble size is investigated for the
first time in bubbly flow resembling DCS conditions.

2. Materials and methods

A fully controllable flow loop, Fig. 1, provides the vertical co-cur-
rent upward bubbly flow for the experiments. Although this flow loop
can generate both steady and pulsatile flow, the present study concerns
solely steady gas-liquid (bubbly) flow. Upward bubbly flow is in-
vestigated inside a vertical tube 1.6 m long with internal diameter
D=21mm (human vena cava diameter). Along this tube, successive
test sections furnished with electrical, pressure, acoustical and optical
diagnostics are used to determine void fraction and bubble features
(size distribution and velocity). In this study, bubbly flow is experi-
mentally investigated applying two techniques: (a) An electrical im-
pedance technique for void fraction determination and (b) An optical
method for BSD estimation. The liquid phase is recirculated through the
flow loop by means of a progressive cavity pump (MD 025-6L, Moto-
vario S.p.A.). Gas phase is injected through a cylindrical glass micro-
porous filter (ROBU®; diameter: 10mm, nominal pore size: 1.0–1.6 µm)
located at the center of the bottom of the vertical tube, where the two
phases come in contact. Bubbles enter the flow after being sheared-off
from the side walls of the filter, the top side of which is plugged with
glue to avoid entrance of larger bubbles. More information about the
specifications and the operation of experimental setup can be found in
Evgenidis and Karapantsios [16].

Void fraction is measured by means of a patented electrical im-
pedance technique of exceptional high sensitivity [26]. Innovative
hardware and signal processing allow capturing of void fraction fluc-
tuations down to 10-5, which can be used to estimate average bubble
size in two-phase systems [16]. Electrical measurements are performed
by a pair of metallic ring electrodes which are flush-mounted to the
inner walls of the test tube, at an axial distance of 59 cm (z/D=28)
from the gas injection point. The separation distance of electrodes is D/
4 and the electrode width is D/10 to assure reliable average void
fraction measurements along with adequate signal fluctuations. Ac-
quired signals are digitally processed and filtered employing a custom
Matlab routine. The final output of data reduction is a set of 60s long
electrical resistance time-series which are transformed to void fraction
time-series through Maxwell model [31]. The average and the standard
deviation of void fraction, εaver and Stdev(ε) respectively, are estimated
for all acquired time-series. More details about the electrical impedance
technique are found in Evgenidis and Karapantsios [16].

Electrical impedance measurements are performed synchronously
with optical measurements for BSD determination, according to a

Nomenclature

ε void fraction
εaver average void fraction
θcone cone angle
μl liquid dynamic viscosity
ρl liquid density
σ liquid surface tension
BSD Bubble Size Distribution
CFD Computational Fluid Dynamics
D internal pipe diameter
D1,0 arithmetic average bubble diameter
DCS Decompression Sickness
g gravity acceleration

G' storage modulus
G'' loss modulus
MAPE Mean Absolute Percentage Error
Mo Morton number
r radial distance from the pipe center
rcone cone radius
RBC Red Blood Cells
Re Reynolds number as defined by Vélez-Cordero et al. [44]
Rel Liquid phase Reynolds number
StDev(ε) Standard Deviation of void fraction
StDev(D1,0) Standard Deviation of bubble diameter
Usg gas superficial velocity
Usl liquid superficial velocity
z/D normalized axial distance
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procedure described in detail by Evgenidis and Karapantsios [17]. High
resolution bubbly flow images are recorded at three radial positions
inside the vertical tube (Fig. 2), at an axial distance of 75 cm (z/D=36)
from the gas injection point. Images with spatial resolution of 2.3 µm/
pixel are taken by a CANON EOS 350D still digital camera equipped
with proper macro lens (CANON EF100mm, f/2.8 Macro USM) and
extension rings (CANON, 13–21–31mm). A custom software (Bub-
bleSEdit; [51]), that exploits a template matching technique to dis-
criminate and measure the size of overlapping individual bubbles, is
used to process series of images to estimate an average BSD for each
experimental run. All BSDs result from image processing of ~1000
bubbles to have a good statistical significance of estimations [14]. Ra-
dial deviations are found insignificant [18], so BSDs estimations include
bubbles from all radial positions. It must be mentioned that bubbles
clusters noticed at some experimental conditions are not included in the
calculation of BSDs. Two-parameter log-normal distribution fitting is

r=0

r=D/2

r=D/4

Fig. 2. Schematic representation of optical technique for BSD determination.
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Fig. 1. Schematic layout of experimental setup.
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applied to the present BSDs, as suggested by several researchers for
similar applications (e.g. [30]). Arithmetic average bubble diameter,
D1,0, and the corresponding standard deviation, StDev(D1,0), are cal-
culated for all BSDs.

Experiments are performed at 37 °C, same as body temperature,
using six different test liquids (Table 1). Test liquid 1 is the baseline
liquid for this work. It is an aqueous solution of glycerol (35% v/v,
purity > 99%, Chem Lab) and NaCl (0.9% w/v, purity > 99.8%,
Chem Lab) that simulates properly certain important human blood’s
physical properties (electrical conductivity~ 5.4 mS/cm, pH~ 7.4,
dynamic viscosity ~ 3.5mPa∙s;[40]). Electrical conductivity and pH of
examined liquids are measured with a pH-O2-μS multimeter (ECM
Multi, Dr. Lange), while viscosity curves are obtained employing Phy-
sica MCR301 (Anton Paar) rheometer combined with a cone-plate
system (rcone= 2.5 cm, θcone= 1°). However, Test liquid 1 is a New-
tonian liquid while blood shows actually shear-thinning (pseudoplastic)
behaviour. Preliminary rheological measurements demonstrated that
the addition of 150 ppm Xanthan gum (purity > 99%, Sigma-Aldrich)
to Test liquid 1 results in Test liquid 2 that simulates both the afore-
mentioned physical properties and the non-Newtonian behaviour of
human blood. This simulation does not take into account the presence
of erythrocytes (solid particles), as commonly adopted by the majority
of relevant studies (e.g. [10,50]). Fig. 3 shows that the viscosity curve
of Test liquid 2 is in good proximity to that of dog blood which shows
similar rheological behaviour with human blood [35,41]. In addition,
the viscosity curve of Test liquid 2 agrees reasonably well with the
shear-thinning Carreau-Yasuda viscosity model that has been

successfully employed to simulate blood flow through arteries [22,27].
For study completeness, 1000 ppm of Xanthan gum is also used to en-
hance further the pseudoplasticity of the test liquid and compare ef-
fectively Newtonian and non-Newtonian behaviour (Test liquid 3). In-
evitably, the value of dynamic viscosity is also influenced, Table 1.

Table 1
Composition and measured physical properties of the employed test liquids at 37 °C.

S/N Test liquid composition Test liquid physical properties

% v/v glycerol /% w/v
NaCl

Xanthan gum
(ppm)

Triton X-100 (%
w/w)

Surface tension (mN/m)
(±0.20)a

Density (kg/m3)
(± 1)a

Electrical conductivity (mS/
cm) (± 0.01)a

Dynamic viscosity
(mPa∙s)b (± 0.05)a

1 35% v/v glycerol/
0.9% w/v NaCl

0 0 61.7 1105 6.85 3.50
2 150 64.0 1108 6.85 3.71
3 1000 64.4 1109 6.85 5.18
4 0 0.01 36.1 1098 6.85 3.01
5 150 37.1 1107 6.85 3.70
6 1000 33.5 1108 6.85 5.34

a Refers to the average value of all runs.
b Constant viscosity for Newtonian test liquids (1, 4) or infinite-shear rate viscosity for non-Newtonian test liquids (2, 3, 5, 6).

·

l 

l 

l 

35 % v/v glycerol, 0.9 % w/v NaCl, 
150 ppm Xanthan gum 

Fig. 3. Comparison of Liquid 2 viscosity curve with that of dog blood and shear-
thinning Carreau-Yasuda blood viscosity model.
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Fig. 4. Effect of Xanthan gum concentration (Newtonian/non-Newtonian liquid
behaviour) in the absence of Triton X-100 on: (a) Void fraction time series and
(b) Bubble Size Distribution fitted with log-normal curves, for Usl= 2.89 cm/s
and Usg= 0.385 cm/s.
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Although Xanthan gum addition provides also viscoelastic properties to
the employed test liquids, the measurement of storage modulus (G′) and
loss modulus (G″), which are fundamental viscoelastic indices, is be-
yond the scope of the present study. However, test liquids’ viscoelas-
ticity does not affect the shape, the velocity and the trajectory of sub-
mm bubbles and consequently the examined two-phase flow para-
meters [3,38]. Liquid phase Reynolds number (Rel), defined as
Rel = ρlUslD/μl, ranges from 150 to 1800 with increasing Usl in the
absence of Xanthan gum, from 70 to 1100 when 150 ppm of Xanthan
gum is added and from 10 to 300 when 1000 ppm of Xanthan gum is
added. Consequently, the flow can be safely characterized as laminar
(Rel < 2000) for all the examined experimental conditions.

As mentioned above, the rheological behaviour as well as the phy-
sical properties of blood can be effectively simulated with the use of
water, glycerol, NaCl and Xanthan gum. Nevertheless, a surfactant is
also used in the present study in order to change bubble size and in-
vestigate the influence of surface tension on the examined character-
istics (bubble size and void fraction). Surface tension effect on void
fraction and bubble size is examined by the addition of 0.01% w/w
Triton X-100 (purity > 99%, Sigma-Aldrich) to Test liquids 1, 2, 3
yielding Test liquids 4, 5, 6, respectively. Surface tension is measured

by a Wilhelmy plate tensiometer (TE2, Lauda Gmbh). Triton X-100 is a
non-ionic surfactant, with Critical Micelle Concentration (CMC) around
189 ppm [2]. All the measured physical properties of the test liquids at
37 °C are shown in Table 1. Helium gas (purity 99.9996%, Air Liquide)
is chosen for bubbles production due to its low solubility in the test
liquids.

Summing up, the examined parameters as concerns their influence
on void fraction and bubble size are the following:

• Concentration of Xanthan gum (0, 150 and 1000 ppm).
• Concentration of Triton X-100 (0 and 0.01% w/w).
• Liquid superficial velocity, Usl (2.89, 16.37 and 29.85 cm/s): These
values are representative of bloodstream in human vena cava. At
this particular Usl values, the respective wall shear rates are 11.0,
62.4, 113.7 s−1 which correspond to viscosity values 8.0, 5.8,
5.3mPa·s (Fig. 3).
• Gas superficial velocity, Usg (0.048, 0.217 and 0.385 cm/s): These
values provide void fraction measurements ranging from 10−3 to
10−1. It is mentioned that void fraction values above 5*10−2 and
bubble sizes in the order of several hundreds μm are not re-
presentative of usual DCS incidents in humans, yet they are im-
portant for the completeness of the present work.

3. Results and discussion

3.1. Void fraction signals and bubble size distributions (BSDs)

This section examines the influence of Newtonian/non-Newtonian
liquid behaviour (adding Xanthan gum) as well as of surface tension
(adding Triton X-100) on experimental “raw” data, namely, on void
fraction time-series and on BSDs fitted with log-normal curves.
Although acquired void fraction signals last 60 s, the displayed figures
present void fraction versus time only for 10 s in an effort to discern
typical signal characteristics such as the intensity and frequency of
fluctuations around the average value. Since glycerol and NaCl con-
centrations are constant in all test liquids, only Xanthan gum and Triton
X-100 concentrations are mentioned in the figures.

3.1.1. Effect of Newtonian/non-Newtonian liquid behaviour
Addition of Xanthan gum makes the baseline test liquid non-

Newtonian and increases its viscosity. Figs. 4 and 5 present the effect of
Xanthan gum concentration on void fraction signals and BSDs in the
absence of Triton X-100 (Test liquids 1, 2, 3) and in the presence of
Triton X-100 (0.01% w/w) (Test Liquids 4, 5, 6), respectively, for
Usl= 2.89 cm/s and Usg= 0.385 cm/s. As shown, the addition of
Xanthan gum decreases the average void fraction (Figs. 4a and 5a) and
increases the average bubble diameter, extending BSDs to larger bubble
diameters (Figs. 4b and 5b). Similar behaviour is noticed for all the
examined experimental conditions, i.e. different Usl and Usg values. The
above results are consistent to each other since larger bubbles corre-
spond to lower residence times in the column and even a few large
bubbles carry a significant amount of gas. As concerns the intensity of
signal fluctuations around the average value of void fraction, no sig-
nificant differences are observed with the addition of just 150 ppm
Xanthan gum. A few spikes noticed in some signals (Fig. 4a, Test liquids
1 and 2) correspond to individual large bubbles. However, the addition
of 1000 ppm Xanthan gum affects considerably the intensity of void
fraction signal fluctuations. Specifically, high peaks are noticed in the
absence of surfactant (Fig. 4a, Test liquid 3) and lower peaks are no-
ticed in the presence of Triton X-100 (Fig. 5a, Test liquid 6). Based on
optical measurements, these signal peaks are due to voluminous bub-
bles clusters (not included in estimating BSDs) rising among isolated
bubbles. Fig. 6 shows representative bubbles clusters at various
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experimental conditions as their detailed study is the scope of a sub-
sequent study. It is demonstrated that Usg strongly affects their shape
and size. Interestingly, void fraction signal peaks are encountered only
for the lowest Usl value (2.89 cm/s). As Usl increases, flow inertia be-
comes strong enough and hinders bubbles flocculation and therefore
signal peaks are not observed anymore. This behaviour has been also
reported by Wang et al. [47].

3.1.1.1. Effect of surface tension. Addition of Triton X-100 lowers the
surface tension of all test liquids. Figs. 7 and 8 display the effect of
Triton X-100 concentration on void fraction signals and typical BSDs in
the absence of Xanthan gum (Test liquids 1, 4 @ Usl= 29.85 cm/s and
Usg= 0.217 cm/s) and in the presence of Xanthan gum (150 ppm) (Test
liquids 2, 5 @ Usl= 16.37 cm/s and Usg= 0.385 cm/s), respectively. It
is apparent that the presence of surfactant shifts BSDs very slightly to
smaller bubble sizes (Figs. 7b and 8b), despite surface tension decreases
considerably (Table 1). On the other hand, the average void fraction
increases substantially (Figs. 7a and 8a) contrary to the slight decrease
of bubbles size. This unexpected behaviour is noticed for most of the
examined experimental conditions and is explained in Section 3.2.2.
Regarding the intensity of void fraction fluctuations around the average
value, no significant changes can be noticed macroscopically with the
addition of Triton X-100, for the examined pair of Usl and Usg values.
However, the forthcoming statistical analysis of void fraction time
series and BSDs provide valuable quantitative information for all the
examined experimental conditions.

3.2. Statistics of void fraction and bubbles size

This section investigates the influence of Xanthan gum and Triton X-
100 on the basic descriptive statistics of bubbles size and void fraction:

Average bubble diameter, D1,0, standard deviation of bubble diameter,
StDev(D1,0), average void fraction, εaver, and the respective standard
deviation, StDev(ε). The effect of liquid and gas superficial velocities is
discussed as well, although their effect has been previously studied by
Evgenidis and Karapantsios [16,17]. It is reminded that for the highly
pseudoplastic examined liquids (Test liquids 3, 6–1000 ppm Xanthan
gum) D1,0 values have been calculated only from individual bubbles,
excluding bubbles clusters. This is crucial to avoid significant erratic
fluctuations of D1,0.

3.2.1. Effect of Newtonian/non-Newtonian liquid behaviour
Figs. 9 and 10 present the effect of Xanthan gum on void fraction

and bubble size statistics in the absence of Triton X-100 (Test liquids 1,
2, 3) and in the presence of Triton X-100 (0.01% w/w) (Test Liquids 4,
5, 6), respectively, for all the examined Usl values. Although each figure
presents data only for one Usg value (Fig. 9: Usg= 0.217 cm/s, Fig. 10:
Usg= 0.385 cm/s), the influence of Xanthan gum on the examined
statistical quantities is alike for all Usg values. As shown in Figs. 9b, d,
10b and d, both the average value and the standard deviation of bubble
diameter, D1,0 and StDev(D1,0) respectively, increase with increasing
the concentration of Xanthan gum. One might attribute the increase of
bubbles size to the increase of liquid viscosity, as suggested by several
studies [13,42]. However, D1,0 increases appreciably already with the
addition of just 150 ppm Xanthan gum which does not affect sig-
nificantly the viscosity (Table 1) whereas it makes the test liquid clearly
non-Newtonian (Fig. 3). On the other hand, the addition of 1000 ppm
Xanthan gum increases significantly the viscosity (Table 1) compared to
the case of 150 ppm but it is not equally effective in increasing D1,0.
Similarly, Bajón Fernández et al. [8] employed Newtonian and non-
Newtonian (shear-thinning) liquids of comparable viscosity in a bubble
column and observed that bubbles were larger for non-Newtonian
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Fig. 6. Formation of bubbles clusters for Usl= 2.89 cm/s in the absence of Triton X-100: (a) Usg= 0.048 cm/s, (b) Usg= 0.217 cm/s, (c) Usg= 0.385 cm/s, and in the
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liquids. Bubble size increase in shear-thinning liquids is probably due to
bubble coalescence, which can be attributed to viscosity gradients that
appear in the wake of a bubble rising in a shear-thinning liquid. As a
result, it is much easier for a trailing bubble to be entrained into the
wake of a leading bubble, causing coalescence and, thus, formation of a
larger bubble [52,29]. All the above advocate the influence of non-
Newtonian behaviour on bubble size. It is believed that this is primarily
responsible for the increase in bubble size, rather than the increase of
liquid dynamic viscosity.

As bubbles get larger with the addition of 150 ppm Xanthan gum,
they rise faster inside the tube and, consequently, their residence time
decreases yielding lower void fraction values [11]. In the case of
1000 ppm Xanthan gum, bubbles size is further increased but the aug-
mented liquid viscosity which does not allow these bubbles to increase
their rising velocity significantly. Therefore, void fraction decrease is
less intense except for the lowest Usl value due to the presence of
bubbles clusters that feature high buoyant velocity (Fig. 9a and 10a).
The reduction of void fraction in non-Newtonian liquids has been re-
ported by other researchers as well [32]. One would expect larger
bubbles to induce more intense fluctuations of void fraction signals
around their average value, resulting in higher StDev(D1,0) values.
Figs. 9c and 10c show that this is valid in most cases. The latter is
strengthened further by the results presented in the following section.

Vélez-Cordero et al. [44] and Zenit and Feng [52] studied the

motion of bubbles ranging from 1.5 to 4.5 mm in non-Newtonian li-
quids and attributed bubble clustering to a mechanism commonly re-
ferred to as the drafting-kissing-tumbling (DKT) process. As stated
previously, shear-thinning enhances the entrainment of a trailing
bubble into the wake of a leading bubble due to emerging viscosity
gradients. After the approaching of the trailing bubble towards the
leading one (drafting stage), the bubbles touch each other (kissing
stage). The third stage (tumbling) is not favourable in sub-mm bubbles
since such bubbles behave like rigid spheres and are not expected to
elongate or tumble across each other. Once two bubbles form a pair,
they create a wake with lower viscosity which attracts more bubbles,
leading to the formation of bubble clusters.

Vélez-Cordero et al. [44], Vélez-Cordero and Zenit [45] and Zenit
and Feng [52] have noticed that the formation of bubble clusters is
favoured: (a) when the viscous effects are more important than the
inertial ones (low Re, defined as Re=ρlUslD1,0/μl by [44] and (b) with
increasing Morton number (Mo) (defined as Mo=gμl4/ρlσ3). Bubble
sizes in the present study (0.05–0.8 mm) are much lower than those of
the aforementioned studies (1.5–4.5mm), however, similarly to the
latter, bubble clusters are observed herein also at the lowest Re numbers
(Re=0.22–0.24 and 0.08–0.15, in the absence and presence of Triton
X-100, respectively) and the highest Mo numbers (Mo=3.4 * 10−4 and
6.1 * 10−3, in the absence and presence of Triton X-100, respectively).
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Therefore, the formation of bubble clusters in sub-mm bubbles observed
at high concentration Xanthan gum (1000 ppm) could be attributed to
the excessive viscosity of the fluid and not to the presence of surfactant
(Triton X-100) since bubble clusters are noticed both in the presence
and in the absence of surfactant. To the author’s best knowledge, there
are no literature publications on the formation of bubble clusters con-
sisting of sub-mm bubbles in blood-mimicking liquids.

3.2.2. Effect of surface tension
Figs. 11 and 12 show the effect of Triton X-100 on the average value

and the standard deviation of void fraction time series and BSDs in the
absence of Xanthan gum (Test liquids 1, 4) and in the presence of
Xanthan gum (150 ppm) (Test liquids 2, 5), respectively, for all the
examined Usl and Usg values. The addition of Triton X-100 reduces both
D1,0 and StDev(D1,0), as shown in Figs. 11b and 12b. Decrease of
bubbles size due to surfactant addition has been reported extensively in
literature (e.g. [6,18]). It is attributed mostly to the inhibition of bub-
bles coalescence which is achieved by the modification of inter-
molecular forces and interfacial (gas-liquid) rheology [20]. Bubbles, as
a dispersed phase, have a natural tendency to coalesce in order to

reduce their interfacial area against the continuous liquid phase [23].
However, the adsorption of Triton X-100 non-ionic surfactant on the
surface of bubbles creates electrical repulsive forces of entropic origin
(i.e. steric repulsion) that hinder bubbles coalescence [19]. Interest-
ingly, in most cases surfactant addition does not decrease bubbles size
by a great extent as bubbles size is already small. This is so because the
high concentration of NaCl inhibits coalescence already before the
addition of Triton X-100 [16].

Although bubbles get only slightly smaller when adding Triton X-
100, void fraction increases comparably more for the majority of ex-
perimental conditions (Figs. 11a and 12a). Since the employed con-
centration of Triton X-100 is well below the CMC value, there is no full
coverage of bubbles surface by surfactant molecules. This allows the
onset of Marangoni stresses due to surface tension gradient at the sur-
face of bubbles. In the presence of surfactant, the viscous drag exerted
by the fluid on rising bubbles induces an uneven distribution of sur-
factant molecules around the surface of bubbles. Thus, adsorption
coverage diminishes on the upstream part (front) of bubbles, while
adsorbed surfactant molecules accumulate at their rear part. This sur-
factant concentration gradient (Marangoni stress) reduces the mobility
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of bubbles’ surface because it causes the bubbles surface to move to-
wards the higher surface tension region at the front of the rising bub-
bles. As a result, bubbles rise with substantially lower velocity, al-
though their buoyant velocity is hardly reduced due to slight decrease
of bubbles size, and therefore the void fraction increases [25]. More-
over, the dependence of void fraction fluctuations on bubbles size,
noticed in the previous section, is confirmed comparing Figs. 11c and
12c with Figs. 11b and 12b, respectively. Larger bubbles cause stronger
fluctuations of void fraction signals around their average value.

3.2.3. Effect of gas and liquid superficial velocities
Figs. 11 and 12 show the effect of Usl and Usg on void fraction and

bubble size statistics as well. Average void fraction, εaver, average
bubble diameter, D1,0, and the corresponding standard deviations,
StDev(ε) and StDev(D1,0), increase with increasing Usg. As expected, gas
volumetric concentration inside the tube gets higher when increasing
Usg and results in higher void fraction values [48]. As more bubbles
enter the liquid flow through the micro-porous filter, their collision
frequency and their coalescence rate increase and thus, bubbles size
increases as well [6].

On the contrary, when increasing Usl, then εaver, D1,0, StDev(ε) and
StDev(D1,0) are clearly reduced. Void fraction decreases with Usl

increase, since the rising velocity of bubbles gets higher and their re-
sidence time inside the tube is reduced [53]. On the other hand, bubbles
are sheared-off at smaller sizes from the side walls of the glass micro-
porous filter. The dependence of void fraction fluctuations on bubbles
size, as presented above, is confirmed by the Usl and Usg effect.

3.2.4. Average bubble diameter prediction from void fraction statistical
quantities

Evgenidis and Karapantsios [16] suggested an empirical equation
that exploits statistical quantities of void fraction measurements ob-
tained by the electrical impedance technique in order to predict average
bubble diameter in two-phase systems. The equation is the following:

=
D

D
StDev U

U
0.491 ( )

aver

sg

sl

1,0
0.827 0.505

(1)

The applicability of Eq. (1) has been confirmed for the experimental
conditions: co-current upward bubbly flow, Newtonian test liquids,
D=21mm, 50 μm≤D1,0≤ 800 μm, 2.89 cm/s≤Usl≤ 29.83 cm/s,
0.048 cm/s≤Usg≤ 1.179 cm/s, 0.70mPa∙s≤ μl≤ 5.10mPa∙s.

The performance of Eq. (1) is tested concerning D1,0 determination
based on the present εaver, StDev(ε), Usl and Usg data. The examined
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experimental conditions are within the aforementioned ranges, while
both Newtonian and non-Newtonian test liquids are applied. Although
not directly observed in Eq. (1), non-Newtonian character is indirectly
present through its effect on void fraction. Fig. 13 compares experi-
mental and predicted, Eq. (1), average bubble diameter values. Data for
Usl = 2.89 cm/s with the addition of 1000 ppm Xanthan, where volu-
minous bubble clusters are noticed, have been excluded. It is demon-
strated that the performance of Eq. (1) is satisfactory: About 80% of the
experimental data are predicted with about± 20% uncertainty, while
the Mean Absolute Percentage Error (MAPE) is around 30%, which is
not considerably higher than the value obtained in Evgenidis and
Karapantsios [16] who employed only Newtonian liquids
(MAPE~ 25%). Therefore, the applicability of Eq. (1) can be extended
to non-Newtonian liquids and, thus, cover a broader range of industrial
and biomedical applications.

4. Conclusions

This work employs both Newtonian and non-Newtonian blood-mi-
micking liquids to investigate void fraction and bubble size distribution
(BSD) in a gas–liquid flow, where the examined conditions resemble
bubbly flow in human vena cava during Decompression Sickness.
Experiments are performed in co-current upward bubbly flow. Xanthan
gum (0, 150 and 1000 ppm) is added to an aqueous solution of glycerol
and NaCl, in order to compare the effect of Newtonian/non-Newtonian
(shear-thinning) liquid behaviour on void fraction and BSD. The role of

surface tension (by adding Triton X-100) and gas/liquid superficial
velocities on acquired data is studied as well. Results demonstrate that
the addition of Xanthan gum increases average bubbles diameter and
decreases void fraction. This is attributed primarily to the non-
Newtonian (pseudoplastic) liquid character, rather than to the raised
viscosity. Although addition of Triton X-100 slightly decreases bubbles
size, void fraction increases considerably due to Marangoni stresses that
retard bubbles rising motion and so increases their residence time in the
flow. Interestingly, for the lowest liquid superficial velocity (2.89 cm/s)
the synergistic action of glycerol, NaCl and 1000 ppm of Xanthan gum
result in the formation of bubbles clusters rising in the flow among
isolated bubbles. Such clusters are not observed at higher liquid velo-
cities. The presence of bubbles clusters causes intense peaks in void
fraction signals. In general, the intensity of void fraction fluctuations
varies appreciably and is affected by bubbles size. Based on that, an
empirical equation that predicts average bubble diameter from void
fraction statistical quantities is examined and its validity seems to be
unaffected by the Newtonian/non-Newtonian liquid behaviour.
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