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Bubbly flow is a widely observed phenomenon in various industrial applications and has remained a topic
of sustained interest over decades, owing to the complex multi-physics that govern the multiphase phe-
nomenon. The bubble geometrical morphology and dynamics critically depend on various parameters
such as flow rate, orifice diameter, working fluid properties, and height of the fluid above the orifice.
Accordingly, experiments are conducted in water, acetone, and Glycerol-water solutions (10% w/w and
20% w/w) using a sub-millimeter submerged orifice of diameter 0.4 mm, 0.6 mm, and 1 mm. The volume
flow rate is varied in the range of 100–300 ml per min and experiments are carried out at varying orifice
depths of 4 – 12 cm. The dynamics of bubble formation is recorded by high-speed cinematography and is
processed using MATLAB script. This paper presents the bubble rise and coalescence morphology and the
effect of operating parameters on it. The gas injection and bubble geometrical parameters can be
expressed in terms of non-dimensional numbers such as Reynolds number, Weber number, Froude num-
ber, and Eotvos number. It is found that simple scaling laws can be established among Reynolds number
with Weber number, Froude number, and their ratio, which can effectively predict the bubble geometry.
It is found that the relation between the ratio of Weber and Froude number to Reynolds number depends
on the height of fluid above the orifice. The present work also quantifies the interconnection between
Reynolds number and Eotvos number and demonstrates a relationship that is incumbent on the gas
superficial velocity. In particular, it is observed that the slope of the Re-Eo curve decreases with the
increase in the gas superficial velocity.

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction

The characteristic of the formation process of bubble plays a
vital role in many practical applications such as boiling
(Coulibaly et al. 2014; Ivey 1967), fermentation (Kheradmandnia
et al. 2015), aeration (Karn et al. 2015a,b,c, 2016a), refrigeration
(Benhmidene et al. 2011), drag reduction (Karn et al. 2016b;
2017; 2018; Yoon et al. 2021), biomass energy (Rajaseenivasan
and Srithar 2017) and wastewater treatment (Painmanakul et al.
2010). Indeed, a large amount of work related to bubble behavior
has been done in the past (Dejonge et al., 1982; Olowson and
Almstedt 1990; Fan et al. 2008; Park and Wang 2015). This exten-
sive prior literature has mainly focused on bubble geometry (Karn
et al. 2015b; Zhou et al. 2021), morphology (Calzavarini et al. 2008;
Karn et al. 2015a), formation (Karn et al. 2016c), the coalescence
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process (Olmos et al. 2001; Karn et al. 2016a), mass transfer (Karn
et al. 2015c) and regime classifications (Karn et al. 2016b), all of
which are crucially dependent on the forces acting on the bubbles.
The principal forces acting on the gas bubbles while rising in liquid
are the forces of surface tension, the upward buoyant force, and
drag forces. The surface tension forces usually are responsible for
keeping the bubbles in their most stable shape i.e. a sphere,
whereas the viscous drag force tries to deform it into a flattened
shape. Further, for rising bubbles, the bubble locomotion in a
region of varying pressure distribution is another important factor,
whether it is caused by decreasing hydrostatic pressure distribu-
tion or the low pressure wake of advancing bubbles. Particularly,
for large bubbles, the resistance force dominates over the forces
of surface tension, causing them to take a highly unstable oscillat-
ing flattened shape (Roig et al. 2012). Thus, the bubble morphology
is crucially governed by the magnitude of these forces, which typ-
ically depends on experimental parameters such as the gas flow
rate, orifice shape and size, depth, and fluid properties. For
instance, at low gas flow rates, the volume of the bubble is propor-
tional to the surface tension and orifice radius, whereas, at high
mass flow rates, the bubble volume is proportional to mass flow
rate (Gerlach et al. 2007). Thus, the maximum diameter of the bub-
ble can be predicted from the balance of surface tension, buoyancy,
and drag force (Al-Hayes and Winterton 1981).

The ratio of these forces also affects the formation process of the
bubble. During the formation process, the bubble size is indepen-
dent of injecting gas properties and the liquid viscosity. However,
the formation frequency does affect the bubble size, with higher
frequencies yielding a larger bubble size. (Benzing and Myers
1955). The buoyancy forces govern the bubble rising velocity and
hence also influences the bubble length. The higher bubble velocity
stretches the bubble and results in a larger bubble length up to a
certain limit (Agostini et al. 2008). The bubble velocity is directly
proportional to the mass flow rate and vapor quality and inversely
proportional to the saturation temperature. It can be expressed as a
linear function of the two-phase superficial velocity (Arcanjo et al.
2010). A study by Livinus and Verdin (2021) on the inclined pipes
reported that the bubble drift velocity is directly proportional to
the pipe inclination and diameter, and inversely proportional to
the fluid viscosity .

Apart from the bubble formation, the bubbling process can be
broadly classified into other regimes as well, for instance based
on the gas injection Reynolds number : single bubbling, pairing
and single coalescence, double coalescence, triple bubble forma-
tion, quadruple bubble formation, coalescence at the nozzle and
triple or quadruple formation, chaining, and jetting (Kyriakides
et al. 1997). Similarly, Muller and Prince (1972) have conducted
experiments on a single submerged orifice and divided the forma-
tion of the bubbles into six different regimes according to liquid
depth and gas velocity. These six regimes are meniscus, steady
jet, pulsating jet, imperfect bubble, perfect bubble, and deformed
bubble.

After their formation, the bubbles rise and might merge into
another bubbles forming a newer bubble of larger size. This pro-
cess of bubble coalescence and has been widely studied by
researchers for past several decades. The coalescence process is
characterized by the formation of a neck connecting two bubbles,
followed by a liquid drainage phenomenon. When the bubble coa-
lescence is occurring away from solid walls, the neck radius is pro-
portional to the square root of time elapsed since the moment of
contact of the bubble interfaces. On the other hand, for the coales-
cence near the walls, the neck radius has been reported to be pro-
portional to the 0.1 power of time since the bubble’s interface
contacted (Khadiya et al. 2021). The coalescence process can ordi-
narily occur only when the maximum liquid film length during col-
lision is below a certain threshold limit, else the bubble collides
2

and bounces off without merging (Yang et al. 2019). The coales-
cence of two bubbles also releases the surface energy, which gen-
erates interface velocity followed by damped prolate oscillations of
large amplitude (Stover et al. 1997). The coalescence process accel-
erates while the coalescence region shrinks with the increase in
bubble approach velocity (Orvalho et al. 2021). Some studies inves-
tigating the coalescence process have also explored the effect of
electrolytes on bubble coalescence and it has been observed that
the rate of bubble coalescence either decreases or remains constant
on the addition of electrolytes to the working liquids (Craig et al.
1993a; 1993b).

In the recent past, bubbling experiments have been very exten-
sively researched upon, particularly under some novel scenarios.
For instance, the bubbling process was experimented under high
pressure and temperature, and it is noted that the pressure and
temperature have a significant impact on the behavior of bubble
and bubble size distribution. (Leonard et al. 2021). During the bub-
ble experiments from the micro orifice, it is observed that the bub-
ble formation mechanism is greatly affected by the gas kinetic
energy and the capillary waves. As the bubble interface crosses
its threshold value, the apex of the bubble accelerates upward
and the bubble forms a prolate configuration (Mohseni et al.
2020). In experimentation with periodic bubbling- bursting, it is
observed that a continuous stream of gas penetrates through a thin
liquid layer and is highly associated with orifice diameter. On
increasing the thickness of the liquid layer, the jet first becomes
thick and small and then gradually changes to a thin and long
structure (Li et al. 2019). The effect of turbulence on the bubble
size and population is also studied and found to have a prominent
role. In the case of larger and fewer bubbles, the vertical fluctuating
velocity component plays a vital role in the turbulent stresses (Wu
et al. 2021).

Clearly, a vast amount of work has been done on the topic of
bubble coalescence, yet the bubble morphology during its forma-
tion at the sub-millimeter orifice is not explored deeply. Previous
works were also constrained with a limited range of operating con-
ditions and generally focused on the effect of one or two parame-
ters rather than a comprehensive effect. Moreover, due to
limitations of resources in a few of the previously reported work
such as the use of syringe pump in place of the orifice cannot
reflect exact industrial applications. The bubble geometry reported
by previous researchers did not consider a sufficient range of data
sampling, which inherits some error in the results claimed. There-
fore in the present study, we have focused on the morphology of
bubble rising and coalescence and the effect of various operating
conditions on it. The influence of various operating parameters
such as orifice size, flow rate, fluid properties, and fluid height is
evaluated. Compared to previous similar work in this area, we have
tried to quantify the cumulative effects of all operating parameters
on bubble geometry during the formation process in terms of gov-
erning non-dimensional parameters such as Reynolds number,
Weber number, Froude number, and Eotvos number. Simple scal-
ing laws are also derived between Reynolds number and other
non-dimensional parameters to predict the bubble geometry based
on the operating conditions.

The current paper is structured as follows: Section 2 describes
the experimental setup employed in the present study and the
methodology of data collection during the experiments and its
post-processing. Section 3 presents results observed in the present
study and a discussion on the findings. Section 3.1 represents the
qualitative results that consist of geometrical features and mor-
phology of bubbles during the rise and coalescence process. Sec-
tion 3.2 represents quantitative results that consist of the effect
of individual parameters such as gas flow rate, fluid properties,
and height of liquid over orifice explicitly and then the estimation
of comprehensive effect in form of scaling laws of non-dimensional
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number. The major conclusions of the present study are finally pre-
sented in Section 4.
2. Experimental setup and methodology

The experimental setup for the present study consists of a
transparent rectangular tank filled with quiescent liquid and fitted
with a nozzle at the bottom of the tank for injecting compressed air
as shown in Fig. 1. The tank is made up of plexiglass, with a cross-
sectional area of 25 cm � 25 cm, and a depth of 40 cm. In our
experiments, a maximum bubble diameter of 1 cm ensures that
the wide cross-section area is large enough to cause a minimal
4% confinement effect of the wall. Fig. 2 shows the schematic dia-
gram of the experimental setup.

The geometrical morphology of the bubble depends on the vis-
cous force, surface tension force and pressure distribution inside
the bubble. Therefore, to estimate the effect of all the forces, the
experiments have been done on various fluids at different mass
flow rates, orifice diameters, and depths. The experiments are con-
ducted on four different liquids i.e. water, acetone, 10% w/w glyc-
erine water solution (Gly 10), and 20% w/w glycerine water
solution (Gly 20). The properties of all the liquids are shown in
Table 1:

The bubbles are generated by inserting compressed air into noz-
zles made up of brass with a circular orifice at the center of the top
surface. Experiments are conducted using nozzles with an orifice
diameter (do) of 0.4, 0.6, and 1 mm. To account for the effect of
depth, the study is carried out at the fluid height (h) of 4, 8, and

12 cm above the nozzle orifice. The volume flow rate ( _Q) of the
compressed air is monitored and controlled using a flow meter,
and the present experiments are conducted at 100, 200, and
300 ml per min.

The images are captured at a frame rate of 5200 fps with a res-
olution of 1 megapixel using high-speed camera Phantom VEO 410.
The camera is equipped with a telescopic lens of variable focal
Fig. 1. The experimental setup
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length in the range of 18–36 cm to capture the zoomed-in view
of the bubble. To enhance the image quality, the light is intensified
using two halogen lamps placed on the other side of the camera. A
diffuser sheet is used to distribute the light uniformly inside the
tank. The video stream data from the camera is collected on a com-
puter using Phantom software. The images are processed to extract
the bubble dimensions using the Digital Image Processing Toolbox
in MATLAB using a script that has been described by previous
authors (e.g. Karn et al. 2015d). The script converts the raw image
captured from high speed cinematography into binary image to
detect the bubble shape (Fig. 3). Bounding box algorithm is applied
on the detected bubble shape to calculate bubbles length (L), width
(W) and aspect ratio (AR) as shown in Fig. 4. This method of detec-
tion of bubble parameters has been extensively used by research-
ers in the past (Aoyama et al. 2016; Legendre et al. 2012). The
dimension is averaged over at least five to ten consecutive bubbles
for each case.

The physical parameters in the present study are density (q)
and viscosity (l) of working liquid, the diameter of the orifice

(do), gas flow rate ( _Q), the height of liquid above orifice (h). The
superficial gas velocity at the orifice (Ugs) can be calculated as

Ugs ¼ 4 _Q=pd2
o . The effective diameter (db) and aspect ratio (AR) of

the bubble can be estimated as db ¼
ffiffiffiffiffiffiffiffi
LW

p
and AR = L/W respec-

tively, where L andW are the length and width of the bubble. These
physical parameters can be represented in terms of non-
dimensional parameters such as Reynolds number,Re ¼ qUgsdb=l
; Weber number, We ¼ qU2

gsdb=r ; Froude number, Fr ¼ Ugs=
ffiffiffiffiffiffi
gh

p

and Eotvos number, Eo ¼ Dqgd2
b=r, where r is the surface tension

between gas and liquid interface, g is the acceleration due to grav-
ity and Dq is the difference between gas and liquid densities.

The flow meter was calibrated before the conduction of exper-
iments and the uncertainty in the measurement of superficial gas
velocity, Ugs is approximately 5.6%. The nozzle orifice diameter
has a maximum uncertainty less than 0.3%. The fluid properties
like density and viscosity was calculated based on the temperature
used in the current study.



Fig. 2. Schematic diagram of the experimental setup used in the present study.

Table 1
Properties of various liquids used in the present study.

Fluid Density(kg/
m3)

Viscosity (mN.
s/m2)

Surface tension
(N/m)

Acetone 784.5 0.295 0.02308
Water 997 0.8891 0.07197
10% Glycerol solution

(Gly 10)
1020.6 1.148 0.070639

20% Glycerol solution
(Gly 20)

1045.2 1.5278 0.070208
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which was measured with an accuracy of � 0.1 �C. The depth of the
orifice is measured using a metric scale with a least count of 1 mm.
Finally, in the present study, the maximum uncertainty in the cal-

culation of, bd, Re, Fr and Eo are estimated to be 1.6%, 6.9 %, 6.2% and
2.7 % respectively.
3. Results and discussion

3.1. Qualitative results

In such a scenario where bubbles are produced from submerged
upward orifice in a quiescent fluid, both propulsive and resistive
forces act on the bubbles in the upward and downward directions,
respectively. The pressure force (given by Young-Laplace equation

as Fp ¼ pd2
or=4db � pd2

odbqg=4), buoyancy force (Fb ¼ pd3
bgDq=6)

and the gas momentum force (FM ¼ 4qQ2=pd2
o), whereas the resis-

tive forces are the viscous drag force (FD ¼ �pd2
bCDq=8 dY=dtð Þ2),

the liquid inertia force (FI ¼ d mvUð Þ=dt), and the surface tension
force (Fs ¼ prdosinh). In the above expressions, h denote the con-
tact angle between the bubble and the nozzle, mv represents the
added mass which is typically given as 11/16 times the product
of bubble volume and the liquid density, U is the bubble rise veloc-
4

ity, Y is the vertical location of center of mass of the bubble and CD

is the drag coefficient of the bubble (Mohseni et al. 2020).

3.1.1. Morphology during bubble rise
Fig. 5 shows the morphology of bubbles at the onset of its rise

before it pinches off the nozzle. Initially, at a time duration of
6.15 ms, the shape of the bubbles are governed by a quasi-static
balance between the surface tension and upward buoyant forces.
The bubbles forming in the liquid initially take a conical shape as
shown in Fig. 5a. This is due to the high centerline gas momentum
that causes axial elongation of the bubble. The propulsive forces
are greater than the resisting forces, and the bubble undergoes
an unstable condition in which both the growth of the bubble
and its upward motion can be seen. The stretching in the central
portion continues with time, leading to a flame-like shape, while
the bubble is attached to the nozzle tip via a capillary neck
(Fig. 5b). Further stretching causes the bubble to pinch off from
the nozzle tip and the bubble starts to rise (Fig. 5c). This motion
is caused by a rapid upward movement of the capillary neck due
to the surface tension force after the bubble detachment. The bub-
ble volume is controlled by the pressure level inside the bubble
and the one inside the gas reservoir. Just after the pinch-off, a ser-
ies of waves is observed on the surface of the bubble. These waves
travel from the bottom toward the top of the bubble and flatten the
bottom surface. As the bubble ascends, the tip of the bubble blunts
due to the viscous effects at the air–water interface, hence lending
a bullet-like shape to the bubble (Fig. 5d). This continued frictional
effect further blunts the bubble tip and hence morphs it into a
wavy hemispherical shape like a spherical cap bubble. (Fig. 5e).
On further rising, the formation of a concave dimple on the bottom
surface is observed (Fig. 5f). As the bubble rises further, another
series of Kelvin-Helmholtz waves are observed on the bubble sur-
face, but traveling from the top to the bottom surface, making a
broad cross-section at the top, this provides the bubble shape of
an inverted cone (Fig. 5g). The bubble oscillations continue, and
the resulting viscous dissipation further flatten the bubble giving



Fig. 3. Detection of bubble geometry from raw high speed images.
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it a disk-like shape. (Fig. 5h), which continues to be dominated by
the process of wave formation (Fig. 5i).

For small bubbles, surface tension forces are quite predominant
and the pressure difference is inversely proportional to the bubble
radius. Since the pressure gradients travel at the speed of sound in
the gas phase, the pressure inside a small bubble is expected to be
almost uniform. Because of the large pressure difference, the small
bubbles possess perfect spherical symmetry and are not influenced
by external disturbances. This is not the case with the large bub-
bles, where surface tension forces are no longer dominant
(Mohseni et al. 2020). Consequently, the large bubbles are more
susceptible to external fluctuations in the flow and are governed
by buoyancy and inertia forces.

3.1.2. Bubble coalescence morphology
The morphology of ejection of the leading bubble is similar to in

the case of a single bubble where it took a conical shape initially
followed by a centrally elongated shape. As soon as the leading
bubble pinches off, a trailing bubble interface starts to form, which
influences the shape of the leading bubble. The initial shape of the
trailing bubble is oval and it interacts and flattens with the lower
5

part of the leading bubble (Fig. 6a). Due to the low-pressure wake
formed behind the leading bubble, the trailing bubble encounters
lower drag forces and hence attains a higher velocity and is more
elongated than the leading bubble (Fig. 6b). The trailing bubble
strikes the flattened lower surface of the leading bubble and cre-
ates a concave dimple on it (Fig. 6c). With the passage of time,
the leading bubble morphs into a disk shape whereas the trailing
bubble turns to an almost spherical shape due to the action of vis-
cous forces (Fig. 6d). The trailing bubble starts coalescing into the
leading bubble, forming a neck connecting both the bubbles. The
neck formation is associated with the formation of two sets of
waves, one moves upward into the leading bubble while the other
travels downwards into the trailing bubble (Fig. 6e). The air from
the trailing bubble then passes to the leading bubble through the
connecting neck due to the buoyancy effect, creating a reverse
truncated shape of the coalesced bubble (Fig. 6f). A couple of jets
are formed from the upper and lower surface, the jet from the bot-
tom surface is thinner and longer than that of the upper surface
(Fig. 6g). The collision of the jet emerges from the bottom surface,
into the upper surface, creating multiple strong surface waves. This
water jet forces the upper surface to move faster than the bubble



Fig. 4. Evaluation of bubble length (L) and width (W) using the bounding box
algorithm.
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velocity, thus creating a sharp leading edge and morphs the coa-
lesced bubble into a wavy conical shape (Fig. 6h). Further action
of friction forces increases the bluntness of the bubble, providing
it the shape of a wavy disk (Fig. 6i).
Fig. 5. Bubble geometry and morphology during rising at different time int

6

3.2. Quantitative results

For quantitative analysis of the bubble formation, the experi-
mental images at various time intervals are extracted from high-
speed cinematography. The images are processed using an in-
house developed MATLAB algorithm to extract bubbles’ geometri-
cal parameters. Assuming the bubble to be an ellipse, the minor
and major axis diameter of the bubble are estimated using a
bounding box algorithm. The diameter of the bubble is then com-
puted by taking the geometric mean of the minor and major diam-
eters. This methodology is applied to estimate the diameter of at
least five to ten consecutive bubbles for each case. The average of
these diameters is considered as the final diameter of the bubble
for that case. This diameter is used to calculate forces on the bub-
ble in terms of non-dimensional numbers.

The dynamics of elongated bubble formation are driven primar-
ily by viscous force, buoyancy, surface tension, inertial force and
thus can be recast in terms of non-dimensional parameters. Rey-
nolds number plays an important role in the bubble shape during
formation by accounting for the ratio of inertial and viscous forces.
Since the surface tension plays a crucial role in the bubble forma-
tion process, the Weber number is also taken into account. The
gravitational and buoyancy force stretches the bubble and alters
its aspect ratio. These effects are taken into account by monitoring
the Froude number and Eotvos number. The non-dimensional
numbers are determined for each case and are plotted against each
other to find out a scaling relation between them. These relations
can be helpful in the prediction of bubble geometry during
formation.
ervals (t). Similar morphology of bubble was observed for all the cases.



Fig. 6. Bubble coalescence morphology at different time instances. Similar pattern of coalescence was observed for all the cases.
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3.2.1. Effect of gas superficial velocity on bubble geometry
The gas superficial velocity has a significant impact on the bub-

ble length. The gas superficial velocity can be increased either by
increasing the volume flow rate of the gas or by decreasing the ori-
fice diameter. At a constant orifice diameter, any rise in volume
flow rate results in a proportional rise in the gas superficial velocity
which further cause an elongation of the bubble as shown in
Fig. 7a. However, the variation in width is relatively negligible
and thus an augmentation in the bubble aspect ratio is observed.
However, at a fixed volume flow rate, the gas superficial velocity
shows an increment upon a reduction in the orifice diameter. In
such cases, the bubble length reduces with an enhancement in
the gas superficial velocity. Fig. 7b shows the increase in bubble
diameter with decrease in gas superficial velocity, which in turn
can be attributed to the increase in orifice diameter. However the
width almost remains constant, consequently, a decrease in aspect
ratio is also observed as shown in Fig. 8.

Fig. 8 illustrates the dependence of bubble height as well as the
bubble aspect ratio on the orifice diameter, or alternatively, the gas
7

superficial velocity. For all the liquids used in our experiments, the
bubble size is noted to increase as the orifice diameter is increased.
In accordance with the continuity principle, this can alternatively
be stated as the inverse dependence of the bubble size upon the
gas superficial velocity. At an orifice diameter of 0.4 mm, the bubble
sizes lie in the range of 5–6 mm, at an orifice diameter of 0.6 mm, in
the range of 8–9 mm, and finally bubble sizes of approximately
12 mm are obtained for an orifice diameter of 1 mm. Conversely,
a decreasing trend is observed with respect to aspect ratio: at a
smaller orifice size of 0.4 mm, a near spherical bubble with a mean
aspect ratio around 1.25 is obtained. This mean aspect ratio
increases to 1.55 and 1.8, for orifice sizes of 0.6 mm and 1 mm,
respectively.

3.2.2. Effect of fluid depth on bubble geometry
The effect of fluid depth on bubble geometry varies with respect

to experimental conditions, most noticeably on the orifice diame-
ter. For the larger orifice diameter, the bubble size decreases with
an increase in orifice depth as shown in Fig. 9b. However, for lower



Fig. 7. Bubble geometrical changes due to change in gas superficial velocity through (a) increasing flow rate, (b) increasing orifice diameter. Note that the velocity changes in
part (b) simply correspond to the increasing orifice area of the nozzle.

Fig. 8. Effect of variation in the bubble height (in red), and bubble aspect ratio (in blue) with the orifice diameter or its corresponding superficial gas velocity (shown on the
top horizontal axis). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Effect of depth on bubble geometry at orifice diameter of (a) 0.6 mm and (b) 1 mm.

K. Gaurav, G. Mittal and A. Karn Chemical Engineering Science 250 (2022) 117395
orifice diameter, the effect diminishes and almost equal size bub-
bles are formed at all fluid depths as shown in Fig. 9a. However,
the bubble width is almost unaffected by the liquid depth. Conse-
quently, the aspect ratio also follows the same trend as the length
of the bubble. Fig. 9 also shows that for constant volume flow rate
at a specific depth, the length and hence volume of the bubble is
greater for larger orifice diameter. Therefore, the frequency of bub-
ble formation is lower in the case of higher orifice diameter.

As seen above, the aspect ratio of the bubble depends on the ori-
fice diameter and the depth of the orifice. To further explore this

variation, a non-dimensional number bd is defined as bd ¼ do
h � 103.
Fig. 10. Variation of mean bubble aspect ratio with non-dimensional parameter bd.
The vertical bars don’t represent the standard deviation in the measurement of AR.
Rather, it denotes the range of variation of AR that is observed across all recorded
cases at a particular value of.bd:

9

The aspect ratio of the bubble is plotted against bd and is shown

in Fig. 10. At a particular bd; the data collected for all the cases
are denoted by employing the vertical error bars, and later the

mean value at each bd is joined using a dashed line, suggesting a
preliminary trend in the variation of AR. It can be clearly inferred
that the mean value of aspect ratio increases almost linearly with

increase in bd. Put simply, large aspect-ratio bubbles are generated
more readily with larger orifices and this behaviour is more promi-
nently noticeable at lower water depths.
3.2.3. Effect of fluid properties on bubble geometry
The bubble formed in the acetone medium is the smallest and

has an oval shape with pointed ends as shown in Fig. 11a. Due to
the small volume of bubbles, the frequency of bubble generation
is greatest in acetone. In most of the cases of acetone, it is observed
that as soon as the leading bubble detaches, multiple small trailing
bubbles erupt and strike the leading bubble which then bounced
back without coalescence. For a few cases, such as at an orifice
diameter of 1 mm and a flow rate of 100 ml per min, single bub-
bling is observed. In chaotic bubbling, there is a significant differ-
ence in the geometry of bubbles, therefore these cases are
omitted from the scaling law analysis. In water, a nearly
spherical-shaped bubble is formed with a diameter that is approx-
imately equal to the length of bubbles in acetone at the same
experimental conditions (Fig. 11b). In both Water-Glycerine solu-
tions, a highly elongated bubble is formed with a size quite larger
than in the case of water and acetone as shown in Fig. 11c and 11d.
The longest bubble is observed in Gly 10. It is also found out that
the dependence of the geometry of the bubble can’t be extricated
with respect to the density or viscosity of the liquid, rather it
depends on all the fluid properties. Therefore to suitably under-
stand and predict the variation of bubble geometry with the fluid
properties, a detailed study is presented in the following sections.



Fig. 11. Bubble geometry just after pinch-off in various liquids (a) Acetone, (b) Water, (c) Gly 10, (d) Gly 20.
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3.2.4. The inter-relationships between inertia, surface tension and
viscous forces: Re-We scaling

It is well understood that the liquid surface tension tries to keep
the bubble in a more stable form (and thereby, closer to a spherical
shape) whereas the viscous effects flatten the bubble. Therefore the
Fig. 12. Reynold number and Weber number relation for bubbles just after pinch-
off. Curve fitting RMSE value = 2557, R squared value: 0.976.
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final shape of the bubble during the formation process critically
depends on the balance between these two forces. To quantify this
effect, Reynolds number and Weber number are estimated based
on bubble geometry just after the pinch-off. The Reynold number
varied over the range of 16,000 – 155,000, whereas the Weber
number varied from 430 to 51,500. The values are plotted against
each other to derive a scaling law between Reynolds number and
Weber number, which can predict the effect of viscous and surface
tension forces on bubble formation geometry as shown in Fig. 12.
The figure clearly shows that the Reynolds number and Weber
number follow a parabolic law i.e. on increasing the Reynolds
number, the Weber number increases slightly higher than the
square of the Reynolds number. The increase in Reynolds number
is associated with either an increase in inertial force or a decrease
in viscous force. Weber number is also directly proportional to the
inertial force, hence, it increases with an increment in Reynolds
number. Put simply, when the inertial forces are predominant over
the viscous forces (at high Re), in such a scenario, the weak surface
tension forces are also susceptible to be overpowered by it. . The
exact dependence is found out by regression analysis as,

We ¼ 2:98 � 108 � Re2:364 ð1Þ
This relation quantifies the cumulative effect of injection

parameters such as orifice diameter and gas flow rate and fluid
properties on the bubble size.

3.2.5. The inter-relationships between inertial, viscous, and
gravitational forces: Re-Fr scaling

Gravity also plays an important role in the determination of
geometrical characteristics of bubbles during their formation. The



Fig. 13. Reynold number and Froude number relation for bubble just after pinch-
off. Curve fitting RMSE value = 4.69, R-squared value: 0.815.

Fig. 14. Variation in ratio of Weber to Froude number with Reynold number. Curve
fitting details: (a) h = 4 cm: RMSE = 7.07, R squared = 0.999, (b) h = 8 cm:
RMSE = 10.14, R squared = 0.999, (c) h = 12 cm: RMSE = 12.09, R squared = 0.999.

Table 2
Regression coefficients for different heights.

Depth of orifice Regression coefficients

h (m) m c

0.04 0.00786 �0.4826
0.08 0.0111 0.6193
0.12 0.0134 0.3954
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effect of gravity can be taken into account by including the Froude
number in this scaling analysis, since it is the measure of the ratio
of inertial and gravitational forces. Fig. 13 shows the plot between
the Froude number and the Reynolds number. The nature of this
dependence may yield crucial insight into the determination of
the bubble velocity and length. As per Fig. 13, there is an almost
linear relation between Froude and Reynolds number.

Fr ¼ 2:67 � 10�6 � Re1:368 þ 0:854 ð2Þ
It is evident from the relation that an increase in Reynolds num-

ber consequently also increases the Froude number. This is because
an increase in the inertial forces increases the bubble size which
results in a higher gravitational force on the bubble that increases
both Reynolds number and Froude number. On the contrary, an
increment in the viscous forces leads to greater shearing forces
or smaller size bubbles are which are characterized by lesser mag-
nitude of gravitational forces and hence a smaller Froude number.

3.2.6. The inter-relationships between the relevant forces: A new
scaling law.

It is clear from the previous graphs that the Re, We, and Fr have
a prominent effect on the bubble geometry during the formation
process. However, the Re-We relation underscores the effect of
viscous and surface tension forces only. On the other hand, Re –
Fr relationship highlights the effects of viscosity and gravity. It
can also be clearly observed that the scaling law between Froude
number and Reynolds number is rather discrepant with a smaller
R-squared value equaling 0.815. This suggests the need for a better
scaling law that can accurately capture the physics of the forma-
tion process. Such a scaling law must incorporate the aggregate
effects of the inertial force, viscous force, surface tension, and grav-
itational force. In order to explore such a scaling law, the ratio of
We to Fr is plotted against Re, and shown in Fig. 14. When the
results are plotted in such a fashion, interestingly the data corre-
sponding to all three fluids converge on one single straight line,
with a very precise value of R-square greater than 0.999. It is evi-
dent from Fig. 14 that there are three different lines of varying
slopes, and each line represents a particular depth of bubble for-
mation. A scaling law shows that the Re is linearly proportional
to the We/Fr and can be expressed as We=Fr ¼ m � Reþ c, and the
slope of the line(m) depends on the depth of the orifice from the
surface of the water. All the regression coefficients for different
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heights are shown in Table 2 that shows the slope of the line (m)
increases as the liquid height (h) increases. A relation has also been
derived between depth of orifice (h) and the slope of the line (m) as
shown below:

m ¼ 0:06925hþ 0:005247 ð3Þ
3.2.7. The inter-relationship between Reynolds number and Eotvos
number

The buoyancy force is also crucial in bubble rise velocity and
hence bubble length. To account for the buoyancy effect, the Eotvos
number is also estimated and analyzed. The Eotvos number is plot-
ted against Reynolds number, to quantify the combined effect of
inertial, viscous, buoyancy, and surface tension force. It is found
that the Eotvos number is directly proportional to the Reynolds
number as shown in Fig. 15. It can be depicted that higher inertial
forces resulted in the formation of larger bubbles that possess a
higher force of buoyancy than the smaller bubbles. Therefore, an
increase in Reynolds number also increases the value of the Eotvos
number. Again, by fitting a curve to the experimental data shows
that the relation can be expressed as Eo ¼ m � Reþ c. However,
the value of m and c depends on the gas superficial velocity and
is tabulated in Table 3. For higher gas superficial velocities, the
value of m is lower i.e. increment in Reynolds number gradually
increases Eotvos number, due to decrease in inertial force and vice
versa. It may also be concluded that at higher gas superficial veloc-
ity, the gravitational and viscous forces are dominant, whereas at
low gas superficial velocity the bubble formation phenomenon is
surface tension driven. Further, another interconnecting relation
between the regression coefficients and the gas superficial velocity
has been derived using interpolation method as

m ¼ 2:5 � 10�3 � U�1:25
gs ð5Þ



Fig. 15. Reynold number and Eotvos number relation for bubbles just after pinch-
off.

Table 3
Regression coefficients for different gas superficial velocity.

Gas superficial velocity Regression coefficients

Ugs m c

2.1 m/s 9 � 10-4 � 8.377
4.2 m/s 4.65 � 10-4 �9
5.9 m/s 2.81 � 10-4 �6.408
11.8 m/s 1.42 � 10-4 �6.566
13.3 m/s 7.73 � 10-5 �2.455
26.5 m/s 4.15 � 10-5 �2.819
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4. Conclusions

The current paper reports the geometrical morphology of bub-
bles during formation, rising, and coalescence in different fluids
at three different orifice sizes. Each orifice is provided with a range
of mass flow rates at different heights. We have also studied the
effect of these parameters explicitly on the geometry of bubbles
during the formation. These parameters are then expressed in form
of non-dimensional numbers such as Reynolds number, Weber
number, Froude number, and Eotvos number. Simple scaling law
is derived between Reynolds number and other non-dimensional
parameters to quantify the influence of various forces on the bub-
ble geometry. The scaling law can effectively predict the bubble
geometry for a given set of experimental conditions. The major
findings of the current manuscript can be summarized as follows:

� During the rising process, the shape of the bubble changes from
an elongated cone to a bullet, to a hemisphere, and then to an
inverted cone and finally a disk. A concave dimple is observed
on the bottom of the bullet and hemispherical shape. A series
of surface waves traveling from bottom to top is observed dur-
ing pinch off which makes the surface of the bubble wavy and
later causes the bubble to take an inverted cone shape.

� The leading bubble emerged similar to a single bubble initially
followed by the formation of a trailing bubble. Both the bubbles
interfere and thus affect each other’s geometry. The trailing
bubble is faster and becomes more elongated due to the wake
of the leading bubble whereas a dimple is imprinted by the
trailing bubble on the bottom surface of the leading bubble. A
neck is formed at the contact point of the bubbles during coales-
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cence. The neck formation is associated with the formation of
two sets of waves, one set traveling upward into the leading
bubble and the other down into the trailing bubble. Just after
the coalescence, a couple of jets are also observed from the bot-
tom and top surface of the coalesced bubble.

� The bubble length and aspect ratio during formation increases
with an increase in gas flow rate, and decrease in orifice diam-
eter. The effect of fluid height on bubble length and aspect ratio
depends on the orifice size. For larger orifice size (1 mm diam-
eter), the bubble length increases with a decrease in fluid height
above orifice, for smaller orifice (0.6 and 0.4 mm diameter) the
bubble length is almost constant for all fluid height.

� The shape of the bubble depends on the relative magnitudes of
viscous force, surface tension force and forces due to pressure
distribution, and therefore a relation between weber number
and Reynolds number is established. It is found that Weber
number is directly proportional to the square of Reynolds num-
ber and can be estimated as We ¼ 2:98 � 108 � Re2:364.

� To account for the effect of gravity on bubble geometry, the
scaling law between Froude number and Reynold number is
found as Fr ¼ 2:67 � 10�6 � Re1:368 þ 0:854. Based on the scaling
law, it is concluded that for a lower value of inertial forces,
the bubble geometry is dependent majorly on gravitational
forces than viscous forces. As the inertial force rises, the viscous
force starts to dominate the bubble geometry than gravitational
forces.

� It is found that the ratio of Weber number to Froude number
has a linear relation with Reynold number and can be expressed
in as We=Fr ¼ m � Reþ c. However, the slope of the curve
depends on the height of fluid above the orifice and can be esti-
mated by using the relation m ¼ 0:06925hþ 0:005247

� The Eotvos number depends linearly on the Reynolds number,
and the slope of the Re-Eo curve is inversely proportional to
the gas superficial velocity. The slope of the Re-Eo curve can
be estimated as m ¼ 2:5 � 10�3 � U�1:25

gs

� The liquid temperature also affects the bubble formation mor-
phology and therefore the effect of liquid temperature on the
proposed scaling law can also be investigated in future studies.
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