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The present experimental study was done aimed to investigate dynamic of

A. Abirit 2 single bubble rising through wall-bounded flow at high Reynolds
Researcher lf number. Thus, Rhamnolipid biosurfactant was added to stagnant fluid and
bubble diameter was controlled between 2.5 and 3.5mm. The resulted

Reynolds number was in the range of 400 to 900 depends on biosurfactant

M. Shafieet ll concentration. Rhamnolipid has a low toxicity, a high biodegradability
Assistant Professor fl§ and good stability at a wide range of temperatures. The results showed
that terminal velocity linearly depends on Reynolds number. Furthermore,

drag coefficient is related to E6tvos number and is autonomous to
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Assistant Professor [l coefficient, four empirical correlations were developed. Relative errors of
the proposed correlations were less than of 3.35% and 1.97% for velocity

and dimensionless velocity equations, respectively, and average errors of

F. Ghadam™ jJ two equations proposed for drag coefficient were 4.44% and 3.26%.
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1 Introduction

Two-phase flow is a common phenomenon in essential processes of industries such as chemical,
food, petro-chemical and biochemical refinery processes. One of the challenges here is
predicting flow behavior in bubbly flows, where the bubbles flow through a continuous fluid
phase. According to the researches, the flow pattern is controlled by the liquid and gas
properties such as viscosity, density, surface tension, difference of density between phases,
solute concentration, bubble diameter and rising velocity [1-4] However, the phenomenon is
not completely known, particularly for large bubble at wall-bounded flow. Single bubble shape
and its terminal velocity change depend on kind of flow regime.
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Based on the dominant force, there are three regimes: 1) viscosity region, 2) intermediate region
(surface tension, viscous and inertia forces), and 3) inertia region. It is established that Reynolds
number is a key parameter in individualizing these regimes which is affected on rising terminal
velocity and the drag coefficient of bubbles [5]. This means that the velocity greatly relates to
Reynolds number when it is low, whereas this dependency decreases at high Reynolds number
[6]. Most studies examined the motion of bubble in the intermediate region [7-9]. Moor [10]
proposed an equation for drag force of a small bubble in this regime. Lehrer [11] suggested an
equation of terminal velocity for large bubble in both intermediate and high Reynolds number
where inertia and surface tension forces are significant. Almatroushi and Borhan [12] measured
terminal velocities of Taylor bubble in glycerol-water solutions contaminated with SDS
surfactant at low Reynolds numbers and denoted that the presence of surfactant increases
terminal velocity. Liu et al. [13] stated, the bubbles stay almost spherical in the viscous-
dominated regime and their surface of the bubble remain almost stable. Zhang et al. [14]
reported that the bubble velocity is independent on bubble diameter in the range between 2mm
and 5mm, in the surface tension dominant regime. However, few work is done on the behavior
of large bubbles at high Reynolds number, inertia region [15-20].

Bozzano and Dente [21] evaluated the interaction between bubble velocity and its shape in high
Reynolds number. They concluded that the velocity greatly affected the shape of the bubble.
Similar results were also obtained by Liu et al.[13]. Riboux et al. [22] also investigated
hydrodynamics of a bubble-induced agitation and showed that at high Reynolds number it is
independent of bubble diameter. In another study Yan et al. [23] experimentally studied bubble
velocity in water and showed that the terminal velocity periodically fluctuates with different
height. Recently, Tihon and Eeji [24] considered the velocity of large bubble rising within
vertical columns of liquid in the inertia flow regime and concluded that the terminal velocity is
related to square root of the channel perimeter. Generally, studies show that for large single
bubbles, there is a competition between inertia and surface tension, while for small bubbles, it
can be negligible [25, 26]. Nevertheless, more researches are needed to realize the bubble
behavior in this regime. In order to obtain a precise prediction of bubble hydrodynamics,
various studies focus on drag force, believed that it is the most important force in regulating
bubble motion [27-31]. Deng et al. [32] described the variation of drag coefficient with the
bubble size ranging from microns to millimeters according to the interfacial tension, internal
circulation and shape deformation without considering the effects of the wall. It can be seen at
low Reynolds; the drag coefficient depends on the Reynolds number [33-38]. However, at high
Reynolds number the bubble behaves differently [14, 20, 39, 40]. So far, many drag coefficient
correlations reported for the bubble rising at low Reynolds number [41-46]. While less study
could found to investigate motion of large bubble at high Reynolds number. In addition, studies
show that wall plays an important role in the bubble motion within the liquid [47-49]. Analyzing
wall effects on bubbles and drops is more difficult than quantifying it for rigid particles [50].
Hence, very few studies have carried out on wall effects. Most studies used the influence of the
diameter ratio (ratio of equivalent diameter to column diameter) on the terminal velocity to
determine wall effects [51-53]. The effects of wall on the motion of rigid particles in non-
Newtonian fluids is considered by Chhabra [50].

Also, Clift et al. [51] studied effects of wall at low Reynolds number and show the velocity
decreases with increasing the bubble diameter ratio. Based on our knowledge, there is no study
to examine the behavior of bubble in narrow channel at high Reynolds number. Therefore, in
this study, the velocity and drag coefficient of a single large bubble rising in wall-bounded flow
at high Reynolds number were investigated. To increase Reynolds number, biosurfactant was
added to the liquid phase resulting viscosity reduction. Its drag coefficient and terminal velocity
were calculated by experimental measurements and new correlations were presented to predict
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them by curve fitting method. The results of the study were compared with various experimental
studies, to confirm the validity of the present study results.

2 Materials and methods
2.1 Experimental set-up

Figure (1) schematically presents the experimental apparatus. It includes a vertical Plexiglass
column filled with biosurfactant-contaminated water that is continues phase in this work. The
dimensions of column are 450mm x 40mm = 40mm with thickness of 5mm . The study zone
was high enough, 175mm above the column floor, to ensure that the recorded velocity is bubble
terminal velocity. Tests were repeated at least three times for each case and averaged between
the results. The column size was selected so that the bubble rising is limited by the walls called
wall-bounded flow [47, 54, 55]. The column was open to atmosphere and the experiments were
carried out at ambient temperature (19°C ). Single bubble was injected through different needle
to control its diameter. The internal diameter of needles consists of 0.7,0.9,1.2 and 1.6mm. In
order to supply the air, a flexible tube was used connecting the needle to syringe pump. The gas
flow rate was fixed t00.4ml/min. It was so low that the bubble shape was determined by

balance between the buoyancy and the surface tension forces. Moreover, this low flow rate was
chosen to prevent the bubbles interaction, practically.

The bubble trajectory was monitored and recorded by a camera. A 100mm macro lens (AT-X
M100 Pro, Tokina, Japan) was used to obtain high-resolution images of the bubbles. Lighting
balance is very important in these experiments. Thus, a LED lamp was embedded at adequate
location of the column. In addition, a semitransparent diffuser was located between them to
delete the reflection from the bubble surface. In order to increase Reynolds number, liquid phase
viscosity was reduced by adding biosurfactant. The selected biosurfactant for this purpose was
rhamnolipid, which has been described previously by the others [47, 56].
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Figure 1 Schematic of experimental apparatus, 1: LED
lamp, 2: Diffuser, 3: Needle, 4: One -way valve, 5:
Syringe pump, 6: Bubble rising in the liquid column, 7:
Ruler, 8: Camera and macro lens, 9: Image processing
system, 10: Liquid column.
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2.2 Image Processing

The camera monitored bubble trajectory via recording a video. The video was converted to a
collection of images. Bubble location and its geometric parameters were obtained by analyzing
this collection, using image processing. Its steps were described by the authors previously [47].

2.3 Drag coefficient calculation

The Main forces acting on a rising bubble with constant velocity through a stationary fluid, are
buoyancy, drag, and weight force. While these forces are in balance, the drag coefficient can
be calculated as follows:

4d..9

C. =
° 3up2

)

where U, is terminal velocity and g is the gravitational acceleration. Equivalent diameter of

bubble, deq , was calculated according to its area square root (d,, = ./4A, /= ), Where A, (mm?)

IS bubble area.
Early studies show that drag coefficient mostly relates to Reynolds(Re: p.d.U, /uL),

Archimedes ( Ar = p’gd?, /17 ) and Ettvos (Eo = Apgd? /o) numbers. The EStvds number,

measures the importance of gravitational and surface tension forces relative to each other.
Moreover it used together with Morton number (Mo= gy *(p, —pg)/pfo3) or Archimedes to
describe the bubble or droplet shape moving within stagnant liquid.

3 Results and Discussion

In the present study, the experiments were carried out with four different needles diameter by
injecting air in a biosurfactant-contaminated fluid. The bubble equivalent diameter was between
2.5-3.5mm, depends on the size of the needles. It is demonstrate by Tomiayama et al., [39] that
bubbles of 1.3 mm to 6 mm are intermediate bubble in which both surface tension and inertia
force effects are significant. The selected biosurfactant was rhamnolipid. According to our
knowledge, it is a good choice to provide high Reynolds condition. Table (1) shows important
physical parameters of the experiments at different biosurfactant concentration. According to
table 1, the more surfactant concentration, the less solution viscosity. Whereas below critical
micelle concentration (CMC), surface tension decrease, then it becomes constant. However, the
density does not depend to the concentration. The resulted three dimensionless numbers are
tabulated in Table (2). In the fallowing, the effect of these dimensionless numbers on the drag
coefficient and velocity is investigated.

Table 1 Physical parameters for different solution concentration

concentration U c p
(ppm) (cp) (N/m) (kg/m®)
10 0.967 0.03925 1000
20 0.933 0.02833 1000
30 0.900 0.027735 1000
40 0.867 0.027735 1000

50 0.833 0.027735 1000
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3.1 Bubble terminal velocity

Figure (2) shows the bubble terminal velocity versus its equivalent diameter. Its calculation
procedure has already been explained in some detail by Karimi et al. [47]. According to Figure
(2), terminal velocity almost tends to increase by increasing equivalent diameter. The increase
was not too significant, so that the terminal velocity was in the range of 180 mm/s and 205 mm/s
for bubble equivalent diameters of 2.5-3.5 mm. Li et al. [6] showed that terminal velocity first
increases dramatically with equivalent diameter, then the increase becomes less noticeable
when the equivalent diameter exceeds 2 mm. According to the diameter range of the present
study, the obtained results were in agreement with Li et al. [6]. Moreover, the results are
accordance to the finding of Mahmoudi et al. [57] obtained for air-kerosene system. This
agreement was expected, due to the same range of the surface tension of the both studies.
Recently, the bubble terminal velocity in three different surfactant aqueous solutions (MIBC,
OP-10, and 2-octanol) was investigated by Zhang et al. [54]. In their study, the wall effects
were neglected. They showed that the more equivalent diameter, the more terminal velocity.
Their bubble equivalent diameter is in the range of 1.5 mm-5 mm, and the resulted terminal
velocity varies from 160 mm/s to 230 mm/s. These ranges are in good agreement with the results
of the presents experiments. Ziqi et al. [58] and Tomiyama et al. [39] also shown that the
terminal velocity increases by increasing diameter. The bubble terminal velocity reported by
Tomiyama et al. [39] for diameter range of the present work is 180 to 210 mm/s within
distillated water. The range is similar to the results of our work done in biosurfactant-
contaminated water. However, it is expected that the presence of impurities influences bubble
internal circulation and results in a decrease in bubble velocity [32]. The authors attribute this
contradiction to being wall-bounded flow in the present study. Because the wall-bounded flow
is less affected by the present surfactant [47, 54]. Considering the simple correlation provided
by Harmathy [59], bubble terminal velocity is independent of bubble diameter. The correlation
is represented to calculate terminal velocity of large bubbles in turbulent region.

Table 2 The resulted dimensionless numbers for different solution concentration

diameter of concentration de
needle (mm) (ppm) (mm) Re Eo Mox 101
10 2.728 675.4 1.857 1.416
20 2.561 633.4 2.267 3.268
0.7 30 2.871 703.1 2911 3.012
40 2.569 690.1 2.331 2.594
50 2.621 715.0 2.426 2.213
10 3.418 699.8 2.915 1.416
20 3.135 658.6 3.397 3.269
0.9 30 3.403 747.1 4.089 3.012
40 3.213 732.7 3.647 2.594
50 3.203 761.9 3.624 2.213
10 3.436 687.1 2.945 1.416
20 2.686 567.3 2.494 3.268
1.2 30 3.349 757.6 3.961 3.012
40 2.669 624.5 2.515 2.594
50 3.637 896.1 4.672 2.213
10 3.388 690.5 2.864 1.416
20 2.782 581.7 2.676 3.269
1.6 30 3.489 778.5 4,299 3.012
40 3.261 749.4 3.756 2.594

50 3.193 761.2 3.601 2.213
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The Harmathy [59] empirical correlation is defined as follows:

0.25
U, =1.53(g—0] 2)
PL

where o is the liquid surface.

Recently, for free bubble rising through a contaminated fluid with rhamnolipid, a similar
empirical correlation proposed by Karimi et al. [47]. They also not considered the bubble
diameter. Their correlation is expressed as:

g 0.07
(o
U, =332 [7.} 3)

Figure (2) compares the terminal velocities predicted by Haramthy [59] and Karimi et al. [47]
equations and the obtained results. As shown, the obtained velocity is within the range, but the
correlations (Egs. (2) and (3)) do not exhibit the increasing trend. It is noted, in these
correlations, the surface tension of the solutions with the concentration above the CMC, which
is constant, was used to calculate terminal velocity.
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Figure 2 Bubble terminal velocity versus its diameters; a comparison with Harmathy (1960) and Karimi et al.
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Figure 3 Bubble terminal velocity versus diameter; a comparison with Daveis and Taylor correlation
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Davies and Taylor [60] provided a correlation for large bubble rise through nitrobenzene or
water in which the velocity dependency to equivalent diameter was taken into account as
follows:

U, =0.707,/gd,, 4

Figure (3) compares the terminal velocities predicted by Davis and Taylor [60] equation and
the obtained results.

The main reasons for the discrepancy of the present results with Davis and Taylor [60] results
are: 1) Reynolds number ranges of two studies are different (2700 < Re <8700 in Davis and
Taylor results); 2) the present work was done in wall-bounded flow. According to Figure (3)
for the present conditions (rhamnolipid solutions in the wall-bounded flow) a relation between
terminal velocity and equivalent diameter can be provided as same as Davies and Taylor [60]
correlation with adjusted coefficient. It was obtained by curve fitting method as below:

U, =1.13,/gd,, (2.5mm <d,, <3.7mm) (5)

The average error between the evaluated equation and experimental data is about 3.35%. It is
noted, Eq. (5) is valid only for the range of 400 < Re <900 in wall-bounded flow.

Vecer et al. [61] studied the effect of bubble diameter on rising velocity of bubble in three
different regions called viscous, surface tension and inertia regions. These ranges strongly
depend on bubble size and liquid bulk properties. They presented a new correlation for
characteristic bubble size scaled by the effect of viscosity and bubble shape for Reynolds
number ranged from 60 to 2200. Vecer et al. [61] empirical correlation is:

V, =1.2D,** (6)

where v, is the dimensionless velocity (vd =U, (444.9/3p, )%) and D, is the dimensionless

diameter (Dd =d,, (ﬂL/PL )_2/3 (3/49)_113). Figure (4) shows a comparison between the present

results and Eq. (6). The results are very close to the calculated values by Vecer et al. [61]
correlation but its dependence on diameter is less severe. Although the range of Reynolds
number in Vecer et al. [61] study covers the one in the present work, but it was provided for
free bubble, not for a bubble rising through wall-bounded flow. Moreover, it is demonstrated
that terminal velocity is directly proportional to fluid type [62]. Therefore, a same correlation
was obtained for the present experiments by curve fitting method as follows:

10

- Vecer et al 2012

® Experiment

7

60 70 80 20 100

D,
Figure 4 Dimensionless bubble terminal velocity versus dimensionless equivalent diameter;
a comparison with Vecer et al. correlation
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V, =142.7D7%" (7)
3.2 Drag coefficient

One of the important concepts in analyzing bubble behavior is to calculate the drag coefficient
based on different dimensionless groups, Reynolds and E6tvos numbers, at several fluids. As
mentioned before, the main features of this study are the high Reynolds number and wall-
bounded flow. Here, first the effect of bubble diameter on drag coefficient was examined, then
the relation between dimensionless numbers and drag coefficient was analyzed. Figure (6)
shows the variation of the drag coefficient with equivalent diameter. According to Figure (6)
the drag coefficient depends on equivalent diameter of bubble almost linearly.

Deng et al. [32] also observed this increase for toluene droplet in deionized water. They denoted
that the toluene drag coefficient, unlike rigid sphere, firstly decreases by increasing diameter
then start to increase at a specific diameter. However, for the diameter range of 2mm to 4mm,
they estimated that the drag coefficient is blow 0.2, which is much lower than the estimated
value in the present work. This significant difference can be attributed to fluid in these works.
Moreover, in the present work, the presence of surfactant as well as the effect of wall were
influenced the results. Arkhipov et al. [35] investigated drag coefficient in the presence of
surfactants in different diameters ranging from 0.4mm to 7mm.

They demonstrated that forRe <1, drag coefficient decreases and for Re > 200, the drag
coefficient is approximately 0.8. Liu et al. [63] has estimated the drag coefficient for the Re>135
to be constant and equal to 1.227 in distilled water. Here, the drag coefficient is underestimated
due to the difference in fluid type. Sun et al. [64] was one of the group researchers who focused
on the effect of bubble size on drag coefficient. They concluded that other factors such as
surface tension, density and viscosity (generally fluid type) were also influenced that effect.
Figure (7) shows the variation of the drag coefficient with the Reynolds number in the
experiments. As mentioned before, the high Reynolds number is one of the key distinctions
between the present study and other works that achieved by adding bio surfactant. As indicated
in Figure (7), the drag coefficient is almost independent of Reynolds number.

Li et al. [6] experiments, which were done on formation of hydrate films on bubble surfaces in
the Reynolds number ranged from 50 to 800, shown the drag coefficient firstly decreases and
reaches a minimum value at Re=150, then increases.

According to their results for the range of 400 to 800, the calculated drag coefficient is
approximately constant. Similar trend was also indicated by Vecer et al. [61] for a fluid
containing surfactant while neglecting the effect of surface tension. For the mentioned range of
Re, they predicted that it various from 1 to 2, depend on the type of fluid and added surfactant
and neglecting the effect of surface tension. Compared with the present study, it can be
concluded that within the wall-bounded flow, the effect of surface tension is negligible. The
results of Tagawa et al. [34] for a diameter of 1.5 mm show that in the range of Reynolds 300
to 900, the drag coefficient is independent on the Reynolds number. Also, Sun et al. [64]
demonstrate that for Re >100, drag coefficient gradually reaches a constant value of 0.95.
However, for Re <300, the drag coefficient depends on the Reynolds number [5, 34, 65].
Generally, considering the range of Reynolds and being wall-bounded flow, in this work, the
independence of drag coefficient to Reynolds is the expected result. Moreover, the type of fluid
and surfactant determines the value of drag coefficient (approximately).

Table (3) shows some typical correlations for drag coefficient prediction and their percentage
error in estimating the present results. The lowest error in estimating the drag coefficient is
related to Liu et al. [63] correlation. Although the dependency to all dimensionless numbers has
been considered in this correlation, but its use is not recommended due to the complexity of the
relation and the low effect of Reynolds number compared to Eo6tvos effect (Cp
Re%089F 00951 ‘Moreover, the difference in Weber numbers in the present experiments is not
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so great (refer to Table 2). On the other words, due to the change of surface tension, the
equivalent diameter and terminal velocity vary in such a way that the Weber number is almost
constant.
According to the previous studies and the reported errors to determine bubble drag coefficient,
the E6tvos number is more recommended than the Reynolds number. For example, Ishii and
Chawla [67] for the first time, represent that for Re<10*, the drag coefficient is related the
EG6tvos number and its relation to Re and We numbers was not significant. Zhang et al. [14]
also provided a same correlation with different power and coefficient. This discrepancy is due
to the different fluids used. Furthermore, similar findings was also presented by Kurimoto et al.
[70] for glycerol-water solutions. Recently, Karimi et al. [47]presented two equations to
calculate drag coefficient in rhamnolipid solutions. Figure (8) shows the dependence of the drag
coefficient on E6tvos number in the present work and compare with the mentioned correlations.
As it is shown, the drag coefficient increase by increasing EG6tvos number.
It can be seen that none of the pervious correlations can fit all the experimental data very well.
Therefore, it is recommended to provide a new correlation to determine bubble drag coefficient
rising in rhamnolipid-contaminated liquid that is surrounded by column walls. Consequently,
two correlations present to predict drag coefficient. The relations determined by curve fitting
method are:

C, =0.86E0"""

2 2
C, =1.09-0.22exp| -0.5( E2=2
0.15

(9)

Table 3 Typical correlations for drag coefficient prediction

Percentage error in
References Expression Application estimating the
present results

0.687
[66] C, = 24(“0';5% ) Re <1000 54.98%
e
[67] C, = g ES° Re <10* 15.20%
[68] c, :é_‘;(uo.ls Re"® %%j Re < 2x10° 52.20%
[69] Cp= % (1-%)1.17 x107°Re** 80 <Re <1530 98.60%
0.01<Re <100
8 E lycerol-water
Cp=o—20 gly 0
[15] ° 3E,+4 Triton X-100 as (s
surfactant
_ 0216 6500 < Re <9500 0
[14] C, =0.579E2 metal liquid 29.21%
24 osa7, REVZ EX AW 08 Re <1000 0
[63] C,= %(1+0.15Re ) S glycerol 9%
135<Re
C, =1.227 — 9
[63] ° Distilled water 17.41%
Cp =1.02E3" 0
[47] ° ” 1E° 600 < Re <800 el
Cp= 0RO rhamnolipid
Eo+0.57 11.65%
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The average error between experimental data and the ones quantified by Egs. (8) and (9) are
4.44% and 3.26%, respectively, which indicated that they have a relatively good precision to
predict the results.

4 Conclusion

In the present work, the behavior of a single bubble in a contaminated fluid was investigated
through a wall-bounded flow. The main objective of this work was to evaluate bubble drag
coefficient and terminal velocity at high Reynolds numbers experimentally. The results showed
that the terminal velocity was approximately linearly dependent to bubble diameter.
Accordingly, to show the dependency two correlations were provided both dimensionally and
non-dimensionally with the average error of 3.35% and 1.97%, respectively. Moreover, the
results of wall-bounded flow indicated that velocity and Reynolds number are related to each
other. However, the resulted drag coefficient was independent to Reynolds number and changed
by bubble diameter and E6tvds number. The conclusion was validated by comparing with
previous studies. Finally, two convenient modified correlations were also provided to estimate
the drag coefficient of a bubble rising at high Reynolds number in wall-bounded flow. The
correlations were considered the relation between drag coefficient and E6tvos number. Average
errors of these equations were 4.44% and 3.26%.
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Nomenclature

A Area of bubble (mm?)

Bo Bond number

C, Drag coefficient

CMC Critical micelle concentration
Dq dimensionless diameter

d, Equivalent diameter (mm)

Eo E6tvOs number

g Gravitational acceleration (m/s?)
Mo Morton number

Re Reynolds number

v, Dimensionless velocity

U, Terminal velocity(mm/s)
Greek Symbols

1 Liquid viscosity (cp)

P Densities of the gas (kg/m°)

p) Densities of the liquid (kg/m?)

o Surface tension between fluid and bubble (N/m)



