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ABSTRACT: In the present research, the drag coefficient of a single bubble rising in the non-Newtonian
fluid has been investigated. Polyacrylamide solutions were selected with different concentrations as a
Non-Newtonian fluid. As known, these solutions have viscoelastic properties which strongly influence
the drag coefficient. The experiments have been done with different nozzle diameters, for three types
of gas (Air, and ) at different injection flow rates. Hence, the results are more comprehensive than in
previous studies. A comparison between the obtained results and the equations in other studies showed

that none of these relationships can predict the drag coefficient of a bubble rising in a non-Newtonian  Keywords:

fluid with a viscoelastic property. Therefore, two new correlations have been presented to predict the Bubble rising
drag coefficient based on Reynolds, Archimedes and E6tvos dimensionless number by dimensional . ) )
. . . . . . . . . Dimensional analysis
analysis. The first equation which obtained directly from the dimensional analysis was simpler than the '
second equation. The average error of the first equation was 3.26%, while, the average prediction error Polyacrylamide

of the second equation was about 1.7%, which is more complex in terms of formulation. In addition, ~ Terminal velocity

new equations for predicting terminal velocities and the behavior of bubble rising in a non-Newtonian  Viscoelastic fluid

viscoelastic fluid are presented.

1- Introduction

So far, many theoretical and experimental studies have been
carried out in order to obtain a comprehensive understanding
of the bubble movement through a quiescent fluid. Drag is one
of the most important forces in controlling this phenomenon.
Hence, a significant amount of researches has been performed
to predict the drag coefficient of a rising bubble and its terminal
velocity [1-3]. The results of these researches lead to the
suggestion of a new empirical correlation more accurate than
the previous. In contrast to the Newtonian fluids, the study of
the bubble motion in non-Newtonian liquids has more variety
and difficulty because of the complicated rheological behavior
of these fluids [4, 5].

In most non-Newtonian studies, the same rheological model
has been used and the effect of bubble type and its injection
velocity has not been studied. Therefore in the present paper, a
rising bubble behavior through a non-Newtonian fluid has
been studied to find a more comprehensive drag coefficient
correlation. Hence, gas bubbles of air, CO2 and O2 ascending
in a viscoelastic fluid (aqueous solutions of polyacrylamide)
have been studied. The experiments were carried out in
different nozzle diameter and injection rates. The results lead to
anew correlation conforming to the experimental results.

2- Methodology

The designed experimental set up is shown schematically in
Fig. 1. The set-up was consists of a vertical Plexiglas column
with a height of | internal cross-section of and thickness of
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which was filled up to a height of by the liquid. The bubble
diameter was controlled by the nozzle. The nozzles used in this
experiment had an internal diameter of , and . Experiments were
carried out at various gas velocities of 0.4ml/min , 0.4ml/min
and 0.4ml/min .

An aqueous solution of Polyacrylamide (PAAm), a
viscoelastic non-Newtonian shear-thinning liquid with weight
percentages of 0.1% , 0.2% and 0.4% was used as a fluid.
Geometric parameters, as well as single bubble location, are
calculated by analyzing the collection of images obtained by
image processing.

The studies show that PAAm solutions exhibit shear-thinning
and viscoelastic behavior. The rheological properties of the PAA
solution were measured by Sosa et al. [6] by rheometer. The
viscosity can be expressed by the Carreau-Yasuda equation:

w(7) = 1+ —#m)[l+(iy')a'](nz‘_l) )

The drag coefficient is a function of three dimensionless
quantities: Reynolds number, Archimedes number, and E6tvos
number. In this study, the values of each parameter are determined
and the effect on the drag coefficient has been studied. The first
problem is the definition of Reynolds number and other non-
dimensional parameters, due to the change in viscosity of the
fluid as a function of shear rate. Thus, with the definition of the

average shearrate as 2 /d,,, , the Reynolds number is obtained
as follows:
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Fig. 1. Schematic of experimental apparatus, 1: Syringe
pump, 2: LED lamp, 3: Diffuser, 4: One -way valve, 5: Image
processing system, 6: Camera, 7: Ruler, 8: Bubble rising In the
liquid column, 9: nozzle, 10: liquid column
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Fig. 2. Bubble equivalent diameter at different concentrations of
PAAm
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In addition, the E6tvos number is also calculated for the Carreau
fluid as follows:

Eo =

—~
=
|

a al\
(=11, 1+L,{3/B J ()

3- Results and Discussion
3- 1- Bubble diameter equivalent

Fig. 2 shows the bubble equivalent diameter at different
concentrations of PAAm. As can be seen, the diameter of the
bubble varies in the range of 1.8 and 4.4 mm. The equivalent
diameter of the bubble increases with the increasing the
nozzle diameter and concentration of the solution.

3- 2- Terminal velocity of bubble

A new equation has been found to predict the limit velocity
in the non-Newtonian fluid by the curve fitting and taking into
account the liquid density, liquid viscosity and the diameter
of the bubble as independent variables.
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Fig. 3. Validation of the proposed equation for predicting the
terminal velocity
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The comparison of the predicted values of this equation
and laboratory values are shown in Fig. 3. The maximum
predicted error value by the equation is about 20%, which is
related to the produced bubble with the smallest diameter of

the nozzle (0.4mm ).

3- 3- Drag coefficient

Fig. 4 shows the relationship between the drag coefficient
calculated in this study and the Reynolds number. According
to Lee et al. [7], this trend can be attributed to the bubble
deformation. Thus, for the shape of the bubble is almost
spherical with a diameter ratio of 0.9 to 1.1, while the bubble
shape begins to change in flattening shape or spherical-cap
shaped forRe>10.

Now, we will try to provide a new empirical equation for
the drag coefficient in a non-Newtonian fluid according to the
experimental results. According to the dimensional analysis
results we have:

CD — 5.461478Re—1.82973 Ar0.23571E0 0.7282 (5)

The equation constants are obtained by means of the curve
fitting by the least squares method. The average error was
3.26% between experimental data and predicted values. We
also obtained a nonlinear correlation for the drag coefficient
based on the Reynolds number, Archimedes number, and
E6tvos number. Thus, another new equation for predicting
the drag coefficient is arrived at on a single bubble rising in a
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non-Newtonian fluid with a viscoelastic property as follows:

Rel.9584\ (Aro.smsnEoo.Msm\
“ 440 )\ 2368R8™

24(

Cp :EL (6)

Comparison between the values predicted by this equation

and the experimental data related to the PAAm solution at

different concentrations indicate that the average relative
error of the equation is 1.7%.

4- Conclusions

In this paper, the motion of a single bubble in a non-
Newtonian fluid with viscoelastic properties was investigated.
The operational variables include liquid concentration, bubble
type, bubble-producing nozzle diameter, and bubble-entry
velocity to the liquid column. Two equations for predicting
the drag coefficient of bubble rise in a non-Newtonian
viscoelastic fluid are provided by analyzing experimental
data.
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Fig. 1. Schematic of experimental setup; 1: Syringe pump, 2: LED lamp,
3: Diffuser, 4: One -way valve, 5: Image processing system, 6: Camera, 7:
Ruler, 8: Rising bubble in the liquid column, 9: nozzle, 10: liquid column
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Fig. 4. Polyacrylamide viscosity versus shear rate in various weight percent-
ages [32]
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Fig. 3. Schematic of the distance measurement method in calculating the
terminal velocity
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Table 2. Constants of Carreau-Yasuda equation for Polyacrylamide at dif-
ferent weight percentage
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Fig. 5. Bubble equivalent diameter at different concentrations of PAA

[V ] S 5 (s Lot o ) gl b orel s 41 gl g o plo
&S dad o i ¥/ AMM Joleo ylad glys 2ol dulie Canl 00 dunlio
WL (YEo/aymm/s) polbs )5 5 otel cand 4 s e po BN
imo cpl e oy ¥ ) e (= Yo mm/s ) (V] olSan 5 o
yolo gy cono oximd Lt g Jod B allislej] clllas , M

bl oo polial o3l 3 g ol gl sl )

e Jsla s - ¥

L5y el STy il Gl > s Jokan i 0 IS
FI¥ 9 VA (go3gi0m0 > Cls ylad 395 o dlanMo oS jglailan .m0
clale pezmen o J3U a8 (I3 L Gl Jolas jlab ol it o Lo
0 118 i) )90 st s 3l g |y Alss ol il oo I3l Jglono
VA]

9 4o Gl Jolore cdale ol 81 L Jglore 6 alb i joSun ()
OEzxed 9 48 398 oo Jlosl SBLLI Jluw bawgs o 5oy S1> (5950
S o dgaa ) Ol (VL 4y 9, <8 >

el o soign Sl xS Jglo ile gl L (Y
P9 s Sl e ol

I 1 8 Al 6 S 1 Jle] orda S (¥
2 9390 0 Gl bluwl gy Cuoglio Lials & oo a5 Wb o il
sl IS 8b Ol o i3l 53 as

S5 5l Sl 3 S5m0 Jlo > i Joko 5 IS o ¢
s 30 b 5 e S ol 4 (i

ASA

5 G €9 ) o g0y Sl Aty Al Sl el 4 S
e iy Sy cupd oo () s 4y dlue oyl WS o
L jgSng ($03535 1 > &S Mdloo (g (g sla el plo 5 550,
st g 208 eV 508 003 o] 3 it Gl S pus g S
5 4555 55 15 e

D 0803 jualsy das )DLy 0Xgd 3By 1)

Sloj oy okigd 38y b Jlw (slp odel Cuwd @ jalgiy dae =Y

D9 (S959m Jhw jWginy a8 b plp 1L 29 o0 Bl 0kigd 3.8, Sl &S

\IZ4 . -
ol gy sas [10] o Copo & (o Ep bawgle iy b ol pl

eq -
Wl oo Caund & i S

pldqu

(“2 *1) (ﬂ)
2V q a
eq

e Jgiey ol e8 o el A=+ 50, =) & Sloj ol oS

Jbw sl 38 ool da (yadsdae ol pogMle .d)S L5 > Seies Jlw

D9 o duwlote 105 g0 4 9,5

pgd,, ()
( ( X =
e

A jeSung odsadd)] Dae Chyya 4 dr g5 b &S ol sy 4 oY
oyt SVl (sl o iz gy o0 J G IS b 1 5 s

Dy daled  Ses SVl alidie

=Y
inlejl ol Jitue (sl piio i 03> sy ¥ jisu &5 jshailen
B (23 Orizper 5 £99)9 38 g5 Jib kS le (Sig dop j lole
w203 4 legacme (255 by 4 Ginlej] (b ool 3] s 45 03959
el o Gy ¥ iolojl ya S5 sl JBlus sl oss plosl iale]
ol 0a 03)gl Y Jodo pd Sliulejl cpl 5l plS o 4y bgyye (sla puiio
8> (o) 5 g osel s 4y gl (s oo pglite 4y i 5l g

lop g Ol i 595 3 (alive Gialejl epgal Jaoy 35 Sliylej]



Mo B ASY aio YA Lo F o)l @Y 0593 « S yual Ko owigen 4 i

200 200
— Ll
150 1 AN 150
) =&Y Al )
j 100 4 j 100
3 ]
> S
50 o 50 A
0 : : o :
-10 -5 0 5 10 -10 -5

XLkt

200
- L - b
- L 150 & b
=& L i Al
b
j 100
9
-3
50
. o T .
5 10 -10 5 o 5 10

omfl;d\bu.g'lnjawupyb&fpwtﬁﬁ

Fig. 6. The bubble trajectory in the set of experiments
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Fig. 7. Calculated bubble velocity at different times in experiments 1, 2, and 3
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Fig. 8. Comparison of the terminal velocity obtained for the prepared solutions and the Jamialahmadi et al. [37] equation in different bubble diameters
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Fig. 9. Validation of the proposed equation for predicting terminal velocity
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Fig. 10. Comparison of PAA experimental results and the presented equations in the study of bubble behavior
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Fig. 12. Estimation of Drag coefficient changes vs. Reynolds number by
three semi-experimental equations and comparison with present experimen-
tal results
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Fig. 11. Calculated drag coefficient for a single rising bubble in PAA solu-
tion vs. Reynolds number
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