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_+ AZSTRACT

Dynamics of air bubbles in three rheologically different
fluids have been studied.” The two main aspects-.of bubble
dynamics examined were terminal veloctiy and coalescence.
Equipment was designed to inject these bubbles automatically)
as well as simultanequsly without disturbing thé fluid. Velocity
volumé-da?a were collected for a Newtonian fluid (40%) (wt)
gi&cerol in water), and for two non-Newtonian fluids (1% (wt)
Carboxymethylcellulose in water and 1% (wt) of Polyacrylamide
in 50/50 glycerol and water.

- No velocity discontinuity was observed in the case of the
10g-log plots of velocity versus volume for the three fluids.
Also, there was no appreciable effect of injection periocd
of the air bubbles upon their terminal velocities. Friction
_fagtors (drag coefficients) were also determinedlfor buébles
travellling in the three fluids, for different Re numbers. All
experimental data concerning bubble motion were obtained
through a photographic technique, with a 16mm movie produced
to summarize the extent of the experimental work.

The coalescence phenomena was examined for twe and three
air bubbles injected simultaneously in the 1% CMC and the 1%
PAA solutions. 1In both cases, coalescence followed 2z Ziiziar
sequence, firét the trailing bubdble/bubbles enter the
of the leading bubble, then the bubble/bubbles accelerated
towards the leading bubble until collision occurred. This

actlon resulted in a thin film separating each, continuing

with a film thinning process until complete cozlescence.



The movie det;iled that coalescence was also a symmetric
pﬂénomena under simultaneous injection with horizontal separat-
ion. An %ppirical_relation was obtained for the bubble volume
required to coalgscé with a 1.0 x 10-6m3 bubble'as a function
of horizontal orifizg separation, illustratiné‘the delaying_

effect of elasticity-upon bubble coalescence.
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_CHAPTER_I. INTRODUCTION
The motion of gas bubdles rising in a liquid iﬁterfaces
with many areas of Chemical Ehginee;ing. Numerous examples
of bubble motion and mass transfer in non-Newtonian fluids
are of importance to the chemical industiry today, particularly
in the areas of polym;r processing technology and foaming
Qynamics. A ﬂighly specialized industrial application is

in the area of molten polymers. By studying the motion of

.gas bubbles in polymeric solutions, experimentalists are able

- to map velocity fields within these materials and further

enhance flow phenomena present in this regime.

There has been a great deal of work published in the
£i6é1d of bubble dynamics for Newtonian fluids with a lower
emphasis placed on the rheologically complex viscoelastic
fluids. Therefore the aim of this thesis is, to continue to
examine single and multiple gas bubble motion in viscoelastic
liguid media.

The objectives of this experimental study are to

i) investigate the shape and rise velocities

of bubbles in viscoelastic media as a
function of injection peried and bubble
volume.

i1) In addition, the simultaneous injection of

several bubbles will be studied with respect
to their possible agglomeration as a function

of their relative volumes and injection
distances.



1ii)

Finally this thesis will attempt to
provide a logical explanation for a
peculiar phenomenon occurring between
the bubble rise velocity and bubble
volume. Experimentalists such as
Astarita and Apuzzo (Al), and Acharya:
et al. (A2) have reported a strikingly
abrupt increase in velocity after
reaching a "critical volume" of ascend-
ing gas bubble .



Bubble motion is of paramount i

fance~in the design
and maintenance of process equipment with which process
engineers are involved. It is essen}i that the behaviour
ofsingle bubbles be comprehended before a full kno%ledge of
interacting budbbles can be achieved. In the past, the study
of gas bubble motion within viscoelastic medias has feceived
less attention than studies involving Newtonian fluids. This
is due‘to the rheological complexities which are inherent
when dealing with non-Newtonian fluids. This chapter is

divided into two distinect areas: (i) dealing with bubble

shape and motion. (i1) examining bubble coalescence.

(1) Bubble Shape and Motion d
-
The motion of gas bubbles in viscoelastic liquids

was studied by Astarita and 4puzzo (Al), among others. They
reviewed existing theoretical knowledge on gas bubble motion
in Newtonian liquids and expanded these concepts to viscous
and viscoelastic non-Newtonian liquids. Their research |
provided experimental information on gas bubble motion in
the low and high Reynolds number region and highlighted the
appearance of a discontinuity in the ascending velocity-
bubble volume relationship for elastic fluids.

Acharyva et al. (A2) provided quantitative experimental

data for bubbles moving in the low and high Reynolds num-

3
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ber region and confirmed previous. observations (Al)} of
B a vélocity discontinuity in non-Newtonian media.

Astarita (A3) also presented a mathematical analysis .
of bubble motibn in a Maxwell fluid. ﬁsing dimensionless
groups, he generated\an order of magnitude analysis relating
flow regime to elastic properties. The hypothesis of
Astarita and Apuzzo (Al) that the velocity discontinuity
mainly represented a changeover from a rigid interface to a
free interface regime was supported by Leal et al. (1Il).

By comparing terminal velocity data for gas bubbles and glass
spheres in aqueous polyacrylamide solutions, they provided
evidence that the vqlocity disgontinﬁity indeed represented from
a change in interfacial conditions, from "non-slip” to "free-
shear"”. _ |

Calderbank et al. (Cl), using an aqueous 1% polyethy-
leneoxide solution, provided data on bubble shape'transitions
as well as tailing phenomena. Thelr research confirmed
previous findings (Al, A2, L1) related to a velocity dis~
continuity at a critical bubble volume. They also observed
a peculiar change in éhape at that instant. N
| Barnet et al. (Bl) examined exﬁerimentally bubble

motion and mass transfer in non-Newtonian fluids. Theilr
paper outlined transitional bubble shapes in agueous
carboxymethyl cellulose (CMC) solutions and highlighted the

observed relationship existing between tailing at fhe rear *

of the bubble and an increase in the drag coefficlient.

k]



Corresponding to each shape transition, they also noticed.an
increase in the mass transfer coefficient. Hassager (H1)
claims that the phenomena of bubble tailing ‘is related to
thg:cgncept of a negative wake forming directly behind the
rising bubble due to the iiquid velocity being in the
downward éirection. away from the rising bubbdle.

" Grace and Harrison (Gl) also investigated the influence
of shape on the rising velocities of large bubbles. Their
paper derived équations for the rising velocities in water
of elliptical cap and ovary ellipsoidal bubﬁles in terms of
bubble voluﬁe and axes dimensions. They confirmed experim-
entally that elliptical cap and ovary ellipsoidal bubbles
rise faster than the cérresponding circular-cap and spherical-
cap bubbles. . . ¢

h Harmathy (H2) outlined a new theory in calculating the
terminal velocity of bubbles moving in a media of restricted
extent. He related the terminal velocity to the drag’
coefficient. Since the drag coefficient is dependent uﬁon
shape, the terminal velocity eventually becomes linked to
the Eotvos number. This analysis, however, is only valid
for visqous fluids for Reynolds numbers greater tham 500.

Empirical correlations developed by Grace et zl. (G2)
are given for predicting the shape regime, aspect ratio and
términal velocity of drops and bubbles based on the volume or
eguivalent diameter of the fluid particle and the system

properties. The results are valid for both drops and



bubbles rising or falling freely under gravity in imgiscible
Newtonian liquids.

Garner and Hammerton (G3) examined the movemen:t inside
rising gas bubbles by the addition of ammonium chloride fog.
They concluded that gas bubbles of diameter smaller than

3.0 x 10 4m (V= 6.28 x 10~ m3) in water behaved as rigid spheres

while bubbles of larger diameter showed vigorous internal
toroidal circulation. Pertaining to droplets or gas bubbdbles,
the existence of regular circulatory currents has been B
previously postulated by Hadamard (H3) and Rybcyznski (R1)

10 be due to viscous drag of the outer fluid.

Zlemlnskl and Raymond (Z1) experlmentally studied the
behaviour of a single bubble in water. Thg/azm of their
paper was to evaluate mass transfer coeffiéients. The
reproducibility of their resﬁlts appeared to be affected by
the bubble detachment from the nozzles. Cdstes and Alran
(C2) presented an excellent discussion of models for the
fgrmation of gas bubbles at a single submerged orifice in a
CcMC solution._

Their paper discussed models of bubble formation in
non-Newtonian liquids, based on concepts given by Davidson
and Schuler (D1) and Kumar and Kuloor (X1). There have also
been several analytical investigations into the low and
moderately high Reynolds nﬁmber fegime. Due to the complex
rheology and presence of inertia terms in the equations of

motion, it is difficult to obtain exact solutions and hence



approximate techniques have been applied. For the case of
a single bubble rising in a power laﬁ fluid and in a
Bingham fluid, Bhavaraju et al. (B2) used a perturbation
method to obtain analytical solutions for determining the
Sherwood numbers and drag coefficients. Their solutions
are only valid in the creeping flow regime.

Hirose and Moo-Young (H4) obtained an approximate
solution for éingle bubble motion in power law fluids. They
(HS).also solved the problem of the creeping motion of a gas
bubble in an Oldroyd fluid. Later Mashelkar (M1) obtained
- an approximate solution for the motion of a swarm of bubbles
moving in a power law fluid by following the approach of
Hirose and Moo-Young (H4) and by using Happel's free surface
cell model.

Ch@gbra and Uhlherr (C3) examined the creeping motion
\of spheres through shear thinning elast;c fluids describgd
by the Carreau viscosity equation. Their analysis used a
variational principle to solve the equations of motion and
continuity in conjunction with the Carreau constitutive
equation.

Ting (T1l) utilized the Oldroyd-three-constant model for
a viscoelastic ligquid in determining the important parameters
through which polymer viscoelasticity may affect the dynéhics
of a single bubble. He stressed the importance of
elongational viscosity for bubbles undergoing growth or

collapse processes under biaxial elongation.



l B ~
Yang and Li@ﬁg (Y1) investigated the dynamic behaviour
~ - -

of a spherical gas?bubble in a creep process utilizing the

\
generalized MaxweI model for viscoelastic behaviour. They

also postulated that the effect of surface tension on bubble

behaviour is entirely negligible except near its complete

collapse.

The motion of a gas bubble in a liquid can be governed

by: (i) Dimensionless groups (C4) such as the:
; s
D -
Eo0tvos Number Eo = g&%g_g____ (11-1)
QDe-cvg
Reynolds Number Re = (11-2)
i
Morton Number - Mo = ggg_ggg__ (II-3)
P o
where: g = the acceleration due to gravity (m/sz).
0 = the surface tension (N/m).
B - the equivalent diameter (m}.
<v> = the average bubble velocity (m/s).
U = the dynamic viscosity (Pa. s).



the bubble density (kg/h3).

° P

the density of the continuous phase (kg/m>).
p-m (ke/m?).

ap

(ii) Shape regime of bubble (C&#, Al, Gl)

-spherical
-ellipsoidal
-spherical cap

(1ii) Interfacial characteristies (Al, C2, H3, R1l)

-rigid interface
-free interface i

(iv) Orifice characteristics (B3, C2, K1, D1)

-diameter
-shape

(v) ~ Internal circulation (R1l, Z1, G3)

-presence of
-absence ok
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The shapes of freely rising bubbles are dependent upon
hydrodynamic forces and surface phenomena (Al, 42, L1, c2).
These hydrodynamic fdrces and surface phéﬁomena acquire
different values depending upon *the particular regime of
flow as well as the interfacial characteristics of the
bubble. Feor example._stresses set up due to differences in
surface tension.between the front and rear of the bubble
cause a retarding effect upon‘bubble motion. However, as
the bubble size increases, these siresses diminish, which
allows the bubble to behavé with a free interface, assisting
bubbie motion (A2). This could occur during motion in the
"Levich" regime where the Reynolds number is high, the bubble

spherical, and the interface is free (A2).

Although slight disagreement 'persists amongst researchers
concerning the definitions of the conditions associated with
each flow regime, most agree on the existernce of four
distinctaregimeé. Before critically examining the four flow
regimes, an explanation of "free" and "rigid" interfaces is
suitable. A free interface refers to a condition whereby the
surface tension forces are considerably reduced with respect
to the viscous stresses, usually for large bubbles, that is
v>1.0 x 10”0p3 (B3). A bubble with a free interface has surface
shear stresses considerably reduced and continuous thereby

allowing momentum to be transferred across the interface res-



ulting in internal circulatien.(GB). A rigid interface -
denotes that the 1nterface veloc1ty is everywhere equal
to the velocity of the bubble s cenire of gravity, or the
bubble behaves as though the interface is rigid (A2). The
four flow regimes and conditions associated with each as
outlined by (A1, A2.102) are as fOliOWS. , -
The Stokes regime applies for creeping flow with a
spherical bubble and a rigid interface. The Hadamard regime
occurs for creeping flow with a spherical eubble and a free
interface. The Levich regime deals with a spherical bubble
moving with a high Reynolds numbter, and a free interface.
" The conditiohs for flow in the Taylor regime are a high
Reynolds number, a bubble with a spherical cap and a free
interface. However, all these conditions occurring
simultaneously under a particular flow regime, may be
difficult to realize in a practical situation. Nevertheless,
as evident from the introduction of the four flow regimes,
a correct evaluation of the Reynolds number is paramount.
A modified Reynolds number for power law fluids has
been given by Astarita and Apﬁzzo {Al) of the form:

re = ()70 (PR (11-4)

where:

R the radius of the bubble (m).

- 1 n-2)

the fluid consistency index (kgm™

11



n = a fluid behaviour index (dimensionless).
The Carreau viscosity Bquation (II-5) has been proven
to work well in describing viscosity versus shear rate for

viscoelastic solutions and melts.

. _ s _
M- fn | 1s(ty7)2 (II-5)
Mo ™ Mo .

where:

n = the non-Newtonian viscosity (Pa.s).

T = the zero shear viscosity (Pa.s).

o = the infinite shear viscosity (Pa.s).

S = a dimensionless parameter in the Carreau
viscosity equation.

¥ =  the shear rate (s™%).

tl = a time constant (s).

Utilizing the Carreau viscosity equation, Chhabra and

Uhlherr (C2) present a Reynolds number of the form:

-

Re = —p<v>De
n

(II-6)

s
With the use of dimensionless groups such as the Re,

Mo, and Eo numbers, a generalized graphical correlation of

Figure(l1-1)gives one method of ‘estimating terminal velociﬁies

of drops and bubbles for all regimes.

Bubbles which are in free fise in a liquid medium may

12
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adopt three general configurations (C4), spherical, ellip-
soidal and spherical or ellipsoidal cap. Bubbles of spher-
ical configuration require interfacial tension and/or
viscous forces to be more prominent than inertia forces;
Ellipsoidal bubbles refer to bubbles which are oblate and
have a convex interface. They undergo periodic dilatations
and random wobbling motions. Spherical cap or ellipsoidal
cap bubbles refer to large -bubbles which adopt flat or
indented bases. _

Astarita and Apuzzo (Al) utilized aqueous viscoelastic,
viscous péeudoplastic and highly elastic solutions. Typical
shapeg observed by them in pseudoplastic solutions are shown
in Figure (II-2A). While large volume bubbles maintained the
shape of a.spherical cap, a pecullarity exists in the lower
volume region. The dorsal surface of the bubtle obtains a
visible protiruding tip or "cusp" at the center. No such
behaviour exists for Newtonian liquids.

Astarita and Apuzzo {Al) also indicate that the gas
buﬁbles.in,Carbopol and CMC revealed shape regimes of
Newtonian character, passing from spherical to oblate-
ellipsoid to spherical cap. They attribute the talling
phenomenon to the viscoelastic nature of the fluid.

Hassager (Hl), using laser doppler anemometry, invest-
igated the tailing phenomenon and presented an interestiné
finding. He discovered that the liquid velocity in the

wake behind the bubble was opposite in direction to normal

14
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wake velocity profiles in Newtonian fluids;that is, the ..
. velocity was in the downwards direction. He called this
the negative wake.

For the case of é 1% polyacrylamide (PAA) solution in
glycerol, the fluid behind the bub:ii§ instead of being
~pulled élong in the usual wake pattern is in fact recoiling,
thereﬂy producing a tail at the bu%?le posterior.

Leal et al. (}1) employing di%fg{ent concentrations of
PAA noted differences in observations—of bubble shape 1in
viséoelastic media as compared to Newtonian media. With an
increase in bubble volume, the bubdble changed from spherical
to a prolate teardrop shape and finally to a spherical cap
wlth rounded edges and a cusped trailing sﬁrface as shown in
Figure (II-2A).

Calderbank et al.  (Cl) observing carbon dioxide
bubbles in a 1% aqueous-sdlution of PEQ (polyethylene oxide),
report thét shapes go from spherical to prolate spheroidal
to oblate spheroid with a tail, to that of a spherical cap.
Calderbank et al. (Cl) also noticed the tailing phenomenon
occurring for bubbles with equivalent diameters between
2.7 x 10™%n and 2.2 x 10”%n.

Acharya et al. (A&2),using aqﬁeous solutions of PEO
and PAA (polyacrylamide) demonstrated that the bubbles
were teardrop shaped at small Reynolds numbers. With
increasing Reynolds numbefs, the bubble shapes tended to be

spherical, oblate spheroidal and finally spherical capped.

16
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At small Reynolds numbers, inertia forces are negligible
as compared to viscous forces, so that the surface teﬁsion
keeps the bubble shape spherical. Teardrop shaped bubbles
are observed due to the interaction of the elastic and
surface tension forces.

Barnet et al. (Bl), investigating, bubble motion and
mass transfer in an aqueous solution of CMé observed that
as the bubble volume increased, the bubble shape went from
spherical to ellipsoidal to a top shape and finally to a
spherical cap. They believed the tailing phénomenon to be
affecééd by a complex interaction of interfacial tension
and internal circulation. .

Batchelor and Bond (BB).contend that the characteris-
tics of an orifice will influence the coréesponding bubbdble ¢
shape, size and resulting motion. They assert that for
circular orifices up to 4.0 x 10_4m in diameter, the bubbles
will be spherical. For orifices between 4.0 x 10_um and
4.0 x 10" °m in diameter, the bubbles are spherical at the
orifice, but upon release, rapidly assume an ellipsoidal
shape. With orifice diameters exceeding 4.0 x 10 2m, the
bubble becomes unstable, 1t may assume a saucer shapé or
an unsymmetric shape, with the possibility also oﬁ the |
formation of small satellite bubbles. However, this
behaviour was observed for Newtonian fluids only.

In general, the terminal velocity of a gas bubble, be

it a non-Newtonian fluid, will increase with increasing

17
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volume. Astarita and Apuzzo (Al) have shown that for

viscoelastic fluids, the terminal‘velocity. (Vo )} increases
with increasing voiume more rapidly than fdr New{onian
liquids. They H;ve also derived some theoretical vélocity-
volume relationships for the viscoelastic liquids used.

For the Stokes regime, they present thé following relation-

1 i1+n
2-p 71 Jn
<v>z |0g- 227 (473 .V (I1-8)
. -1 x.n 3 ‘

ship:

-~

where:
-Xp = function of the flow index n.
- N
For the Hadamard regime, no direct relationship is

asserted between <v> and V;however, a ratio exists of the

-

form: _ 1/n

yHadamard - | Xn > 1.5

‘Stokes .} Xn ' (11-9)
rd R
Ln = funetion of the flow index n.

The Levich regime is modelled through Eguation (II-8)

where Xpis substituted by X, , and K, is represented bys

1
(n+1)/2 .
K, = 2_m23_’3+_1 > (1+238%) dd (1I-10)
1+4n

0
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where:
K, is a dimensionless parameter defined by
Equation(II-10).

P is a dummy variable.
The Taylor regime is modelled by:

(Vv >= 25.0 v1/6 ' (II-11)

Some authors (Al, A2, Cl, L1, Bl) report a region for
non-Newtonian fluids, where there is a large increase in
velocity over =z small range of volume, the so-called
"velocity digcontinuity phenomenon”. Viscoelastic fluids
are prime contributors to this phenomenon. A typical
representation of this phenomenon is presented in Figu;e(II-j).

Astarita and Apuzzo {(Al) have reported a six fold jump
in the terminal velocity, when a certain volume was reached
with their pseudoplastic solutions (Et-497, J-100).

They have offered the hypothesis that the velocity
discontinuity was due to a sudden transition from the
Stokes to Ha&amard region (basically from a rigid to free
interface), and that viscoelasticity was somehow responsible
for making fhe transition abrupt, rather than continuous,
as for Newtonian flulds. The magnitude of the velocity jump
could be largely attributed to the dependence of viscosity
on shear rate similar to that found in power law fluids. |

They also noticed a transition in bubble shape, when V¢V,
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(critical volume). Although the rear pole is cuspoidal the
whole bubble surface appears to be convex. when Vo>Vepthe
protruding tip at the rear pole is more marked and the
bubble surface appears to be concave along a hé}izontal circle
-slightly above the protruding tip. In favour of this inter-
pretation is the fact that the shape of the log Vo> Versus
log V curves is the same for volumes above and beiow'Vér.
Calderbank et al. (C1) observed the same velocity
phenomenon occurring at a critical veolume while working with
. an agqueous 1% PEO solution. They observed an increase in
velocity by a factor of 4 at a critical volume (Vcr)‘;f 1.1
x 107507, They also observed that the rise velocity of co,
bubbles in non-Newtonlian PEQ were always lower than in dis-
tilled water. In addition, the following theoretical egquations

for bubble rise veloclity in Newtonian fluids were employed

by Calderbank et al. (C1).

TAYLOR REGIME <»>= 25.0 V

2/3
- _ 184 ¥
STOKES REGIME <>= T (II-12)
where: ¥ is the kinematic viscosity (%/s). ”
_ 126 v 2/3
HADAMARD REGIME <& v (II-13)
ILEVICH REGIME <y>= i v ik
. (II-14)
1/6 (I.I—15)
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MENDELSON EQUATION (Ellipsoids and Spherical caps,

free interface)

20 4+ 2D (II-16)

<V>=E
Yo P

e
2
DUMITRESCU EQUATION {(Gas slugs, free interface)

S

— <v>=‘m | (11-17)

Calderbank et'al. (Cl) determined that for large
spherical cap bubbles in the PEQC solution, the terminal
rise velocities asymptotically approached the predictions of
the Dumitrescu eguation.

Leal et al. (Ll) observed the transition occurring;
at a value of the equivlent critical radius approximately

_equal‘to 2.9 x 10_3m, for a 1% PAA solution. The magni tude
of the velocity jump was 5-10 fold. They claim the
discontinuity results from a change in interfacial
conditioﬁs, from a condition of no slip to free shear at
the bubble interface. They ass;;t that only a fraction of
the observed velocity jump is due to shear dependence of
viscosity, the influence of elastic or normal stress
effects must be included. Finally, they postulate that
the stress relaxation phenomenon associated with the fluid.
passing around the bubble produces large tensile stress

effects, which could explain the velocity discontinuity.



Acharya et al. (A2) noticed the velocity jumps with
aqueous CMC, PEO, and PAA éolutions. but not to the same

degree as that reported by Astarita and Apuzzo (Al) and by
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Calderbank et al. (Cl), Leal et al. (L1), and Acharya et al.

(A2) also observed that solid bodies (spheres) of the same
size and density difference produced no discontinuity.

" In Table @I-1 a summary is prepared of the critical
{
radius of the bubble at which this velocity discontinuity

has occurred. Acharya et al. (A2) agree with the previously

mentioned hypothesis that a mobile surface is required for
a discontinuity to Sccur.

The stresses which are set up due to the difference
in surface tension between the front and rear vart of the
bubble have a2 retarding influence on the bubble motion.
With increaseq bubble size these stresses diminish in
relation to the viscous stresses and the bubble tends to be
mobile;that is the interface is "freed". To explain a |
lower magnitude velocity jump observed by their work, they
suggest that Astarita and Apuzzo (Al) and Calderbank et al.
(C1) created 2 more abrupt velocity discoﬁtinuity by using
shear thinning fluids.

Acharya et 2l. (A2) concluded that surface effects
may play a major role at ﬁhich point this discdntinuity
will occur. They postulate that polymer molecules act as
large surfactants and the flow induced gradients of these
large molecules may be responsible for generating the

swface stresses which oppose the circulatory motion
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TABLE (II-1), VALUES OF THE CRITICAL RADIUS WHERE VELOCITY TRANSITION OCCURS

SOLUTION CRITICAL RADIUS x H@Wma REFERENCE,
" 197 (0039 0-267 "
St .
Nt 8
g bt .
i o
gt tat e 8
it 8
Rt Rt
? rolacryamiae - o 2
to Fotyeheneoxide v
Rttt e .
12 Polyacrylamide 0.191 A2

AP-30 (0.1%)
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existing within the gas bubble.

This reasoning is also supported by*Clift et al. .(04).
Hence, the partial cleansing of the surface responsible
for the rapid velocity change is likely to occur more
abruptly in the case of a viscoelastic fluid.

Acharya et al. (A2) also disagreed with Carreau's
ideas relating the discontinuity to the injection
frequency. Finally, they propose én equation in the region

of the velocity discontinuity. Their equation is given by:

_Xfree interface _ 1.5 (j)n'l (33n4 - 6lnd - 11n2+9?n+16)
: 2 4ne (n+l)_ (13 +4n - 8n<)

v.rigid-interfa.ce
Garner and Hammerton (G3), working with Newtonian

fluids (glycerol, white o0il and water), observed a similar
velocity transition taking place, but more moderate than
in non-Newtonian fluids. They indicate that in fluid
droplets or gas bubbles, there exists a central or internal
circulation caused by the viscous drag of the outer fluid.
The velocity rise with internal circulation as proposed

by Hadamard should be 1.5 times that of bubbles in which

no circulation (Stokes region) occurs. This correlation
however, is only valid for Newtonian fiuids. whereas

viscoelastic fluids may obey Equation (II-18).

(ii) Coalescence Phenomena

Bubble cozlescence is of major significance in



—

- )
yd 6

’
detefmining time-dependent bubble size distribution and
interfacial area for man& gas ligquid c&ntactiig devices
and gas liquild separation equipment. In a typical gas-
sparged contactor or reactor, coalescence is detrimental
because it decreases the surface area of the bubbles;in a
separator it is desirable because it increases the size
and hence the rise velocity of the bubbles.

Acharya and Ulbrecht (A4) investigated the effect of
viscoelasticity on the coalescence rate of bubbles and
drops using aqueous 0.5% CMC and PAA solutions. In papers
by DeNevers and Wu (DZ), Crabtree and Bridgewater (C5), and
Narayanan et al. (N1), it has already been substantiated
that increased viscosity of the ambient liquid enhances
the coalescence rate. Acharya and Ulbrecht (A#) postulate
that the wake region posterior to the bubble is much
longer in a more viscous liquid, so that the approaching
bubble is caught up in this wake at a longer distance as
compared to a less viscous fluid.

They envisage three distinct stages in the coalescence
phenomena. In stage one, the bubble enters a wake left
behind by the leading bubble. In stage two, the trailing
bubble experiencing less drag in the wake, quickly
approaches the leading bubble, until they collide, with
only a thin film separating eacﬁ bubble. In stage three,
a process of film thinning takes place until coalescence

occurs. However, as Shiloh et al. (S1) point out



coalescence times should be distinguished from collision
times, since tro bubbles may collide and not coalesce.
Acharya and Ulbrecht (A4) discovered that due to the
elasticity of CMC and PAA, the wake of a moving bubble was
reducéd. thereby increasing the collision time. They |
conclude that the elasticity of a solution will increase
both the collision andjcoalescence times of gms bubdbles.
DeNevers and Wu (D2) examined buﬁble coalescence with

2 2

1 x10°° -2 x 10

m diameter bubbles in glycerine and
distilled water. They assumed that each bubble trails a
wake, and that the bubble éoalescing from below accelerates
“~When it enters the wake of the preceding bubble, before
eventually coalescing. In theilr study, they assumed the two
coalescing b#bbles to be hemispherical in shape, equal in
size and rising in the same vertical line. The only forces
acting on the bubble are buoyancy and drag. Since the
density of a gas is sﬁall, the product of the mass and
acceleration is negligible. Hence, as the projected area
of the-iower bubble exposed to stagnant fluid decreases,
the velocity relative to stagnant fluid must increase to
keep the buoyant and drag forces equal. Their final
assumption was that changes in pressure and temperature
were negligible.

They brésent two models according to the type of wake
behind the leading bubble;either a conical wake or an

exponential decay wake as in Figure (II- 2B). One can
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estimate time for  coalescence from the terminal velocity,
the initial vertical separatiyn distance and the ra:gus
of the bubble. Since their d§§el predicts the coaleseence
behaviour adequately, the assumption that buoyancy and drag
forces are the only significant forces in the force balance
would imply applicability to only Newtonian fluids.
Crabiree and Bridgewater (C5) studied the in-line
interaction of two spherical cap bubbles for Mo = 2.9x10"%
L0 Re (86 and 1.0x10" o3 V< llv.OxlO'u'm3 in a 67% agqueous
solution of sucrose in water, a Newtonian solution. They
utilized a wake model approach like Acharya and Ulbrecht
(A4) and DeNevers énd Wu (D2), to derive two equations for
the coalescence time (Tc) according to whether the velocities

of the two bubbles were equal or unequal. By integrating
the following equation:

L vg - vpde A e (11-19)
where:
L is the initial vertical separation distance
of bubbles (m).
subscript A refers to the leading bubble.
subscript B refers to thg trailing bupble.
For the case where v, = ¥

A B
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_ 2Ty 2 _
T, = \pra (L5%) (II-20)
where:
- Q is an integration constant.
Tc is the coalescence time (s).
And for the case where vAk vy
o _ 2TV Lz-t'L-_- 1n (vA - vB)LC + ¢ (II-21)
c Ty g V =V :
< A B A
¢ is an integration constant.
Le is a critical separation distance (m)

defined by the equation below:

VAg

e = Lm'p(vA -vg)

(I1-22)

=

-~

This analysis, however, is suitable only for spherical
cab bubbles. Their model also asserts a critical separation
LC;L > Lc will guarantee that coalescence will not occur.
Their experimental observations indicate that the
coalescence rate decreases as the initial veritical separation
distance increases.

This is expected, since the larger the separation
distance, the longer the coalescence time. Assuming that
the mo}@on of bubble A is independent of the preéence of
bubble B, Crabtree and Bridgewater (C5) conclude the

following.
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For a given initial vertical separation distance, the
smaller the second bubble, the longer the coalescence time.

Théy"aSsert-that.theHwakg is of prime importance to aligning
and capturing the trailing Bubble in'2ll their trials. The
model becomes poof when the trailing bubble is improperly . -
aligned, and the shape of the trailing bubble becomes

altered under the influence of the wake.

Théy also suggest the governing motion in wake capture
is the*sum of the trailing bubble's velocity plus a liquid
velocity from the asymptotic wake theory. Crabiree and
Bridgewater (CS) present an equation for viscous wake

velocity of the form:

- F -V 2 ' .
v _*D Exp|_cor (II-23)
¥ < Lwul Lyl |
where:
_FD = the drag force (N).
r = the radial spacial co-ordinate.
Vw = the wake velocity (m/s).

Bhaga and Weber (B4) studied the interaction of bubbles
in a viscous aquéous sugar solution for conditions cof
coalescence under 10{ Re{ 100 and Mo > &4 x 1072, In their

paper, they utilized the following wake velocity profile:

2 ' - \
Y, = Vws BEXD #(:De) (II-24)



where : )
Ywo is the axial wake velocity (m/s).

z is the axial distance from bubble (m).
in which Varo is defined by:
v, _¥oB [De (II-25)
- wo o 24 -z -

where: B is a dimensionless parameter defined by
Equation (II-26):
| 3/2
B = __f%z_ (II-26)
- Mo Re
Their model utilized the aforementioned relatipnships
.coupled with the assertion (C53) that the velocity of the
trailing bubble is equal to the sum of the terminal rise
veiocity in isolation and the velocity in the wake of the
leading bubble.

They observed that for high Morton number liquids
(Mo> & x 1073), the bubble shape, drag coefficient and
fluid streamlines near the bubble are only a function of
the Reynolds number. Both bubbles rose vertically, with
the tralling bubble overtazking the leading bubble, under
conditions of both volumes equal to 9.3 x 10-6m3; The
shape and rise velocity of the leading bubble was
essentlially unaffected until coalescence  confirming the
findings of Crabtree and Bridgewater (C5). The trailing

bubble was deformed, when under the influence of the
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leading bubble's wake. Criteria for coalescence proposed by

Bhaga and Weber (B4) are:

(1) For coalescence to occur the instantaneous
rise velocity of the trailing bubble must
be greater than the terminal rise velocity
(in isolation) of the leading bubble.

(1i) Coalescence will depend upon the ratio of

the terminal rise velocity of the trailing
bubble to that of the leading bubble.

o
Narayanan et al. (N1) measured bubble positions during
in-line coalescence of iwo bubbles in solutions of glycerine
‘énd water for 2<-fi:<:6. Mo ranging from 1.8 x 1073 to
19.5, and Reynolds numbers ranging from 0.5 to 80. They
. also assertéd that coalescence takes place in three
distinct stages as outlined by Acharya and Ulbrecht (A4).
For each class of bubble and corresponding bubble wake
pattern, Narayanan et al.(Nl)g havé tabulated a graphical
correlation based on the ratio of individual rise velocities
and a2 dimensionless mutual distance betﬁeén each of the
bubbles. Marrucci (M2) rationalizes a two stage theory of
coalescence. After collision occurs between two bubbles,
an initial film thin;ing to an equilibrium thickness takes
place.
What actually occurs at this stage 1s a very rapid

stretching of the film down to a value of the thickness

where a2 built up concentration difference makes @he balance



of the forces acting on the film statically satisfied. The
value of this thickness has been calculated.as.a function
of physical properties. Below a Iimiting value of =z
dimensionless group and generally for very dilute solutions,
the quasiequilidbrium film does not exist and coalescence

is instantaneous. The second stage of the process, which is
the slow sfep of the coalescence process is the further.
thinning of the quasi-equilibrium film. It is suggested
that diffusion at the border of the film controls the
thinning rate and predictive equations (for the coalescence

~time) are calculated accordingly.
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_CHAPTER III.EXPERIMENTAL DETAILS
(i) EQUIPMENT

The aim of the experimental apparatus was to

(i) produce bubbles varying in volume
from 1.0x10'8m3 to 1.0x105m7.

(ii) inject bubbles at specified
periods.

{(iil) inject bubbles of varying volumes
1
mentioned under (i} simultaneously.

Many problems were encountered in the design and
subsequent construction of this multipurpose unit. Typical
of the problems encountered were:obtalning useful
stroboscopic photographs, injection of bubbles less than
1.0x10-7m3 in volume and simultaneous injection of bubbdbles.
A number of different variables had to be determined with
the experimental equipment. The "terminal®” velocity of the
bubbles produced their respective shape, and their velumes
had to be determined zaccurately.

To help visualize the motion of the gas bubbles, iwo
plexiglass tanks were constructed. One tank was solely used
for simultaneous injections. The single bubble tank was

square with each side 2.03x 1071y in length and with =

L
height of 6.1x10 Y m. The multiple bubble tank was also
‘square with each side 2.3Ox10'1m in length and a height of
- _ ' :
7.62x10 " tn. -

To inject bubbles into the fluid wifhout disturbing
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it prior to injection, the following principlé was applied.
The preséure exerted by the fluid upon the orif;ce through
which the bubble would emerge was counterbalanced by an
equivalent aiﬁ pressure. Hence gas bubbles could be injected
with minimal disturbance to fhe viscoelastic fluids in the
tank.

To balance the head of fluid above the orifices a
Union Carbide low pressure line regulator (0-20 kPa) was
utilized. This regulator would allow for very fine pressure
adjustment at the orifice with nérmal supply air pressures
supplied by gas cylinders. For the single bubble case no
problems were encountered, however for the mulﬁiple bubble
case a pressure distributor hgd tO0 be constructed. This
.“cylindrical distributor pictured in Figure (III1-]) provides
ports for up to three simultaneous injections. It also
distributes the incoming air supply to the orifices.

The orifice for releasing the air bubble was séecial
in design.  The lower portion was fitted with an adaptor
for union with gquarter inch polyflo tubing systems and the
top was chamfered to prevent ripping and tearing of the
exiting air bubbles. Figure &II—z)depicts a typical orifice

employed in both tanks.
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Figure( III-1) Cylindrical Pressure Distributor

Figure(III-2) Typical Orifice
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After experimentation with an orifice which was

1"m in diameter, it was observed that a range of

L. 9’2x10'-
orifiéqg‘had to be constructed to prodqu the desired.
range of bubble volumes. Simply by trial and error
orifice diameters in the range of 6.15x10'5m - 9.8x10'um
were selecééd for use in the single bubble tank.
Due to the multitude of orifices required to produce
the desired volumes, multiple injection was restricted to
a smaller volume range (V2:1.0x10'6m3). and employed only
the 4.92x10-4m diameter orifice. Orifices were constructed
from primarily stainless steel and a few were machined in
brass. Figure(III—h)displa;s tﬁe_#ingle bubble arrangement
while Figure(III-3)displays the multiple bubble arrangement.
Due to the orifice orientation in ﬁhe multiple bubble
system there existéd the need for placing the orifices into
r_a'triangular plane. This facilitated the,lafer union of the
orifices to the injection mechanisms as well as the
photograﬁhic work. Hence it was decided that tﬁe tank should
have the capability of rotating in two directions. A héayy
duty ball-bearing system was used for this task zand is

depicted in Figure(III-5).
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Figure (III-3 Orifice Configuration for Multiple Bubble
Injection

Figure (III-4) Orifice Configuration for Single Bubble
Injection
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Figure(III-5) Rotational System for Multiple Bubble
System
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Figure(III-5) Rotational System for Multiple Bubble
System
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Originally a detailed design was carried out to fix
one orifice and have the other two moving with respect to-
the‘fiked orifice. .This way a variety of distances could -
be covered without the obstacle of fixed orifice locations.
This system would have utilized gear and chain assemblies
manufactured from plastic and stainless steel, as well as
screw driven orifice movement devices. 'The shipping and
construction times for this system were prohibitive.

To inject the air bubBles, a novel technique was
emploved. .In the past air bubbles were injected via a
syringe, qgcontrolled orifice release aﬁd a dumping cup
_technique.- These systems would not bé feasible for study-
ing the effect of injection frequency, since it would take
more than one experimenter to perform the necessary work.
Hence a new system had to be developed meeting two
importanthcriteria.

One criterion of course was a variable injection
pattern, while the other w;s the automation of the system
since photograppic work had to be undertaken during bubble
movement in the\column. The present system uses two |

commercially available units, a check valve and a pneumatic

cylinder, pictured in Figures (III-6 to 8).

~



Figure (I1I-6)

FPigure III-7)

"Harris Check Valve"

"Norgren Check Valve"
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Figure

(III-8) A Typical Spring Return Pneumatic
Cylinder (Disassembled)

47



'.ll!l!l,'flf!ll

TFrrovvey

-~ e

Y.

48



(_The role of the check valve s to permit thé -flow of
ligquid or gas in one direcfion only which is critical to
-the functioning of the system. The Harris check-valve
shown in Figure (III-6) is made of brass and utilizes a
ballhand spring mechanism for operation..

The_Norgren check Galve shown in Figufe(III-ﬁ is
made of polyproplyene and utilizes a silicon cup-shield
to restrict flow in one direction. This valve has a

2

crack pressure of 2.54x10 “m H,0 while the Héfris valve

2m H20-cracking pressure.

has a 7.62x10
A typical pneumatic cylinder is disassembled and -
depicted in Figure (ITI-8). This particular model which

3 3

has a bore of 6x10 “m and a stroke of 6.0x10

m is the
smallest commercially available unit.

After experimenting‘with this cylinder we discovered
that it was not capable of producing volumes of a
magnitude less than 0.9x10—7m3. Hence this cvlinder was
carefully dismantled and after detailed examination of
its operation a cylinder was designed capable of producing
the reguired bubble volumes. At first audesign of a
lx10-3m bore with a 6.0x10_2m stroke was chosen, but after
- manufacturing we observéa that i) it was too weak for use,

3

since the rod had to be €1.0x10 “m, ii) no piston sealing

cup could be manufactured that would function adeguately.
Hence we settled for a bore of 2.38x10—3m and a stroke

of 6.0%10 “m. E
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A typical‘pneumatid cylinder is pictured in Figure -
fIII-9)along with a list of important components. The

2m bore and is double

particular one shown has a 2.54x10°
acting; a single-acting cylinder will have a sgpring

located between the piston and the front flange housing.
6
’ 4 | 8 .2

( 1

/ T%r _ ‘ =1 — B

\'l
U-l_.__—

{(1)eeeeenns. «++..Piston Rod
(2) v iiinnnannne Cylinder End Cap
(3)eieveeancnnnn Rod Bushings

L Seal *

{(5)¢veeiecavers..Piston Cup (Seal)

(B e vnvenennne Cylinder Barrel
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The new injection system can automatically inject a
predetermined volume of gas at whatever cyclic interval
selected. The heart of this ihjectibnﬂéystem. as mentioned
earli;;._is a commercially aGailable pneﬁhatic éylinder
usually used for its roboticrmovement capabilities.
Normally these cylinders automatically move objebts into
and out of machining egquipment.

We utilized the fact that these cflinders can expand
and compress the gas which operates thém. in a cyelic
manner, for the purpose of injecting feproducible gas
volumes. With the aid of solenoid valves, the exhaust
from these cylinders is thus put to use. The proposed
automatic injection system can take on two distinct
configurations, depending on the storage pressure of the
sample éas which is to be injected. For injecting sample
gas stored at atmospheric or zero gauge pressure, a éingle
acting spring return pneumatic cylinder (SPC-1) is utilized
as shown in Figure(III-10 A).

In this configuration another pneumatic (SPC-2) spring
return cylinder is required to generate the necessary
suction and compression-injection action delivered by
SPC-1. Two 2-port solenoid valves are used in conjunction
with SPC-2 to initiate the regquired action. oo

Since the iwo cylinders are tandemly mounted, an
extension eor expansion action by SPC-2 introduces =z

suction action in SPC-1, thereby admitting sample gas



Figure (III-10) Injection Systems for Sample Gas
Stored at Atmospheric and non-
Atmospheric Pressure

52



53

JATITA WONINDD
VRO IWD JWOd-§

¥ VIoKIILI dvANINg
BHbI2Y IN0G

{aOWNY JO NOHLIIWKD
N1 RO FATYA WIIND

LNt Ny
NOLY WD DM WOl VAN

TAIVA KA IROD
AeHGEIING JN0d-2

WIGHITD JUYHANIHG
NUNL3d DHI S "Dl oY 2i0WE

[LLILETES { ) (psavrravn)

a

tpaiseidy)  {prvsirseng

lal
1o
..w..__w... ._. “.. 3-._-:-.
“
TA Bed
\*’ .r
¢ . -

A A\

T H AL
Lot it dott]

-t

1wdd
MOLEDIE WY
| ATLAT]

1

4

3l
i

!

! mwvamo _
! )

1

|73

, H N w—
1
-4
Hwpniin
tuamliatde Vicuas
]
“f-—-- ~ = —-{ Iy3nvi2in
: 1) FAL TR RE
FHUT Y F I .-
nEvEn LEFIFY]
1HIMIEM Gy Tn0uls :::.m.m _u 49.::3
Iyas puid
JEY A AN P XN AN A 2-0d%
1und HOIEITTHL L-AD 1-AD s e
104nvE 01 < n.u h HIved .V

v avIave



through check valve (CV-1), int; its chamber. Retraction
of SPC-2 is associated with a compreséi;n and injection
action dy SPC-1, causing sample gas to be injected via
check valve (C¥-2) into a specified part.

The two solenoid valves allow the system to inject
sample gas at any desired time interval. The volume of gas
which is to be injected may be calibrated using a simple
stroke adjusiment mechanism as shown in Figure (III-10). Due
to fhe abundance of stroke lengths and bore diameters the
system displays tremendous flexibility.

A slight modification of this system is shown in
Figure (III-10A ). This system is used when the gas is
stored under pressure. It involves a double acting pneumatic
cylinder (Déc—l) along with two 3-port solenoid valves.

In this application the sample gas actually participates
in the injection control of the system. Due to the action
of tye 3-port solenoid valve, sample gas may be injected
as the piston rétracts (solid lines in Pigure III-10 B), or
as the piston extends (dotted lines in Pigure (III-10 B).
Each valve shown is shown in two different positions. This
system allows for higher injection perieds as well as
,injectioniof gases other than atmosphéric air.

The stroke adjustment mechanism schematically shown in
Figures (III-10 A) and (III-10 B), is basically a stop for
the extended pneumatic cylinder rods. The volume of bubdble
produced is thereby directly proportional to the.stroke‘of

the pneumatic cylinder. The extended distance or rod

3
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travel (actual stroke) cén be measured accurately with
vernier célipers and a calibration.graph may be drawn |
for each grouping of cylinder and orifice, relating volume
-0of bubble produced to stroke length.

The stroke adjustment mechanism (MS-A) used in the
single bubble experiments is shown ianigure (III-11).

This mechanism was desigried for allowing flexibi}ity in
changing pneumatic cylinders of different dimensions
within minutes.

The stroke adjustment mechanism utilized for multiplef
bubble experiments (MS-3B) is different in that it must.
accommodate three pneumatic injection cylinders leading
to a sturdier design than that of MS-A. This mechanism
is shown in Figure (III-12).

Experimenté were carried out to determine the volume
of bubble, before it coalesced with a bubble of fixed
-volume, while varying the injection separation distance.

To accomplish this both systems were utilized ( see Figﬁre
(I11-13)), :

By placing a check valve at the entrance to the
orifice, outflow from the tank could be prevented, thereby’
allowing equipment manipulations to‘be performed without'
draining the tank. This connection_system was also
employed in the single bubble work. Figure( III-lA)shows
two different views of the complex multipie bubble circuit.

—
As outlined earlier, bubble volume is proportional



Figure (III-~11) "MS-A" Measuring System A .

-

Figure (III-12) "MS-B" Measuring System B
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Figure (III-13) MS-A and MS-3B Set Up for Simultaneous
Double. Bubble Experimentation

Nn
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Figure (III-14) The Multiple Bubble Circuit
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fo thé:stroké of the cylinder in operation. To aScertain
the volume of a bubble produced by the injection system
an inverted bubble collector was built.

This device was manufactured by’joining a buret to
the bottom of a2 graduated cylinder. A funnel adaptor was
also manufactured and could be inserted to capture very
large bubbles (V>1:0x10"%m3). Y |

The volume of one bubble produced is.caléulated from
the ratio of the total volume of liquid displaced 'in the
collector and the total number of bubbles collected. A
correction factor due to the head of fluid at a particular
collection height was also applied. In this way the bubble

veolume was obtained at atmospheric conditions.

e

%
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Since these experiments (single bubble) are aimed at
examining the effect of the period of injecfion, the
injection has to be repeated at pre-selected time intervals.
Hence an electronic system was designed-and assembled to
accomp}ish this.

The system consisted of an Industrial Controi
Equipment 600 VAC relay and aﬂ Agastat synchronous motor
" timer wﬁich controlled the action of a three-way air/solenoid
spool valve. Originally the equipment utilized two-way
air/solenocid valves, however these valves malfunctioned
- and were replaced with a single, more expensive three-way
vahe.~

Tﬁére was also the need for a portable control unit
{PCU) which had 2 manual override and an electric counter
to facilitate in maintaining proper bubble count as well
as overriding pre-selected injection periodsf This
system was capable of delivering injection periods of
1-60 seconds (by seconds) and 1-60 minutes (by minutes).

A detalled schematic of this electronic control system
"is shown in Figure (III-15). This particular control system
since its lnception into the project proved to be very
reliable.

To measure the wvelocity of the ascending gas bubbles
a photographic technique was employed. A stroboscope and
a épecially équipped Ricoh -35mm caméra; fitted with an

80-200mm Sigma Macro-zoom lens and a Ricoh XR electronic



Figure (III-15) Schematic of Electronic Conitrol System
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winder, were used“to capture the moving bubble on film.

The rising bubble was intermittently illuminated in
a coﬁpletely dark room bty the stroboscope set at a known
frequency (calibrated with a frequency counter at 6.0’Hz).
Depending on the shutter speed, the camera would capture
the moving dbubble as a series.bf simultaneous still

tubbles.

Many different camera/stroboscope orientations were

tried before the desired photographic effects were achieved.

Finally it was decided that illumination from the rear with
the camera directly in front-of the tank provided -the best
contrasts. A light diffuser had to be constructed to 7
permit the stroboscopic light to be adequately diffused
before-entering-the camera, theréby producing useful
contrasts on the filim. 7

The light diffuser consisted of 2 trapezoiéal unit
with each side radiaiing out from the strobe (behind the
tank) to cover the full cross section of the tank, as
shown in Figure (III-16), The interior was lined with
reflective silver paper, with the posferior open to the
strobe and the front covered by a layer of cheesecloth
and tissue paper. Also a layer of reflective silver paper
covered fwo sides of the plexiglass tank paralliel to the
light diffuser, to zid in illuminatiné all regions of the
ascending bubble.

Since the light emitted by the strobe was of 16w

66



‘Figure(III-16) Single Bubble Injection Apparatus
with Light Diffuser

Y
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intensity the film selected was HP5 used with Ilford's
‘Microphen developer. ‘In this way Qne was permitted to use
an f-stop of f-11, providing enough depth of field and con- )
trast to clearly ascertain the bubble from the background.
The whole synthesis procedure of developing the photographic
technique based on this particular strobe and camera took
approximately & monthé of experimentation.

By knowing the stroboscopic frequency and the distance
betweén bubbles on the negative, one could obtain an average
velocity. To aid in measuring the distances between the
bubbles, scales were affixed to tﬁe front of the tank. The
negatives were then processed and projecfed via a slige |
projector upon a sereen, greatly magnifying all dimensions,
to increase the accuracy.of the distance measurement.

Since one of the objectives of this'experimentation is
to examine the relatioﬁship between terminal velocity and
volume it is paramount in utilizing tﬁat region in the tank
where bubbles travel with a2 constant velocity. This terminal
velocity region was discovered by experimental velocity
measurements taken at various heights in the tank.

A darkroom to process film was also assembled and proved
to be very helpful in lowering turnaround time on processing
film. Due to long shutter speeds employed, usually one
second, it was necessary to have the camera mounted on a
tripod to prevent vibrations.

A schematic of the entire single bubble system is dep-

icted in Pigure (III-17). The multiple injection system



Figure(III-17) Schematic of Single Bubble Apparatus
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72
is basically of the same orientation except for the para-
rphernalia associated with the préssure distributor and stroke
adjustment mechanism discussed earlier.

A photograph of the (single bubble) experimental apparatus

was shown in Figure (III-16). - A complete list of the exp-

erimental equipment utilized in this project is given in Table

(111-2).: %

TABIE (TTI-2 )

Equipment Schedule

ITEM ¢ 1 - MANUF. GR SUPPLI=R IDENTITICATION
RICQE -35 m=m CAMERA TUREX LTD. MOREL NO. XR-19 '
SIGMA MACROZOCM LENS " TUREX. LTD. MODZL NO. &41-458
RICOK SIECTRIC TUREK 1TD. MODEL NO. XR-1
| WINDER .
| STROBOSCOPE SARGENT-WELCE CAT. NO. S$77545
SCIENTIFIC CO. LTD.
CHECK VALVE ZSSEX WELDERS SUPFLY ¥ODZL NO. 5CVR
CHECK VALVE | cEEcKER zxﬂEEBR:AL L?D. | MODSL NO. 41D-061 |
. | -D0oo :
PNETMATIC CYLINDER NOPAX CANADA LTD. MODEL NO.
6.0x10" 4= (&mm) CIZ6-605%
PNEUMATIC SYLINDER . INDUSTRIAL AIR AND ¥ODEL NO. 023 -
1.1x10-23 (7/16") tore- EYORAULIC SQUIPMENT MODEL NO. 012
- 1.43x107%2 (9/16%) vore COMPANY . . .
PNIUMATIC CYLINDER FESTO INC. MCDEL NO. ESN=-3 '{
2.0x10-3% (Bz=h) dore s0P
PNZUMATIC CYLINDER CANADIAN POWER AND . | MODEL NO. DCPS
1.27x10"2n {(27) AUBEER SUPPLY CO. -05-3
AGASTAT ELESTRIC PETERSONS ZLECTRONICS LTD. MODEL NO. STMNHAG
TDER - .
THREZWAY SCLENOID . CHECKER INDUSTRIAL MODEL NO. E4IAs02
VALVE ' -HSI-HDO
]
LOW FRESSURE LINE UNION CARBIDS LTD. MODEL %0. S5C-1
RZSULATCOR . |
PNEIMATIG CYLINDER . 4INDSOR FACTORY SUPPLY YCDEI NO. oM 112
2.84x107% (L") bore . %3
SISCTRIC RETAY INDUSTRIAL CONTRCL ‘ ¥ODEZ NO. A-103
EQUIPHENT N




The three fluids investigated were:
(i) 40% (wt) of glycerol in water
(ii) 1% (wt) of CMC in water

(1ii)1% (wt) of PAA in a 50% (wt)
mixture of glycerol and water.

&

In addition, an anti-bacteria agent, phenylmercuric

g

acétate‘was.added to each to prevent biological degradation
of the solutlons. Thelr v1sc031t1es were obtained by
usxng the CONTRAVES-RHEOMAT 30 v1scometer shown in Flgure(
"III-1 ).

_The RHEOMAT 30Ais a rotational viscometer.-\The
rotating measuring body is driven by a DC motor,lfhe
speed of which is precisely controlled by a closed loop
gervosystenm. )

.The torque required to maintain the rotational speed
of the measuring body is ﬁeasured and recorded. Sincé the
shear rate is a function of the rotational speed and
measuring system @imensions and %Pear stress are‘a function
of the applied torque, the flow behaviour and viscosity of
the test substance can be evaluated.

This dnit utilized basically two typeé of measuring

73

systems, the coaxial cylinders and the cone and plate. Each

have their own advantages and disadvantages and are used
primarily on the basis of.the type of rheological data
reguired. |

When coupled to an x-y recorder and a programming



Figure(III-18) Rlieonﬁat 30 Viscometer with Programming
Unit and x-y Recorder
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unit, the RﬂEOHAT 30 is a powerful tool to evaluate a
multitude of rheclogical phenomena. This unit is designed
l'for mediﬁm and high shear rates thus functioning poorly
as a low sheaf viscometer.
Additional data on steady state viscosity and primary
normal siress measurements were obtained with a far
superior unit, a Weissenberg:rheogionometef'located in

Montreal.

o
B. OPERATION:

Since the apparatus is automatic, the experimentor
has only to pressurize the necessary injection lines,
adjust the stroke adjustment mechanism to a cerfaih volume
and select an injection period. The equipment will
then inject the selected bubble volume at the desired

injectiog period. '

This now allsws the experimentor to position the:
camera and stfdbe to take the necessary pictures. When
5egin£ing experimentation, after the equipment has né?
been used for'some‘éeriod of £ime. it is advantageous to
purge injectidn lines with low pressure and then adjust
the pressure distribution system so as to just balance

the head of the fluid in the tank.
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CHAPTER IV. RESULTS AND DISCUSSION

(i) SINGLE BUBBLE PHENOMENA .

Bird (B5) has given a set of equations for the motion

fa

of a fluid about a solid, stationary sphere which is analo-
gous to the case of tﬁe motion of a Sphere in a stationary
liguid. His solution is wvalid for creeping flow which
restricts the Re to be less than one, thereby allowing the
viscous forces to;predominate over the inertial forces;
Other ré%trictions placed on the problem are a non-rotating,
solid sphefe fixed in pqsition within-a Newtonian fluid.

Utilizing the following coordinate representation;

\Z

N7

the well known "creeping flow® solutions for the shear

“stress distribution (1;3, pressure distribution (P), and

4 velocity components (v, Vg) have been analytically found

to be:

T = 3 M%o @ sine ( ' (IV-1)
o 2 R r

=Po-pgz- 3 M¥n(Rfcose (IV-29
F =FPopez 2 R (;T

V.= ‘EDE-E (_R_)_;__;_ RY| cose ‘ (IV-3)
2 \r
vy = -EI%-E (_) -&(%j’]sine : ' (IV-4)
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Now by integrating the pressure (P) and shear stress' (I%)

distributions over the surface of the sphere , Stoke s Law

may be derived analytically to be:

where/, FD (N) is the drag force associated with fluid
movement.
., The drag force can be expressed as a-product of an

area, kinetic energy and a friction factor, f. For a sphere

-

this representation becomes:

| 2 2
Fp - (mm )(%pvoo)f : - {IV-6)

Now substituting for Stoke's lLaw Egquation (IV-5) one may

arrive at an expression for f, namely :
»

24 | -
o (Iv-7)

£ =
Next the motion of a spherical drop in a Newtonian
fluid with internal circulation will be examined. For the
motion of a spherical drop, the symbols wilircarry a prime
to differentiate them against the properties of the fluid.
The foliowing conditions apply for a spherical drop with

" internal circulation:



’
At r=0: v_Fco vg A
. V4
At r=R: Vg < V9,
Vr = vr F >
7
P
rg xf-

From the equations of continuity and mofion, Hadamard - -
(H3) has derived the following equation for ‘the terminal

velocity 6f a drop.

/ + 1 er2 | (IV-8)
\7 =:jﬂ£k£DLHh_£%l£3__ :
© M (uE3Uh)

Similarly one can obtain an expression for the drag force, F

F. = 21f2 v, | (IV-9)
D (;ufﬁ)f’

The motion of a bubble in a ligquid may be described

D

in the following way. Using Hadamard's terminal velocity

. . ' . ’ s ;
expression, Equation (IV-8) and neglecting K P since Up<<fp
we arrive at an expression for the terminal velocity of a

bubble with circulation.

_ R o (IV-10)
e

Similarly the drag force FD can be evaluated to be:



Fp = 4R [V, : (IV-11) -

which is 2/3|of the value for a solid sphere. For a non-
spherical bubble a factor C may be utilizeq to account for
the eccentricity. C is a function of (D/H) where H is
the height of the bubble, and D is the maximum width of

the bubble.
FD = MR L Vo, C (Iv-12)

The friction factor £, can be expressed in the same
way as outlined earlier, however the drag force for a

bubble of volume V can be represented by:

Substituting this expression into Equation (IV-6) and

solving for the friction factor f, the following is attained:

= 88V (IV-14)

2.2
D Vo

This expression may be utilized for the viscoelastic

fluids as well (L3). The Reynolds number for the visco-

elastic fluids will be described by the following relation:

Re = RMXD_ (IV-15)
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where 7N, is a constant and is numericélly eéual to the
sum ofnp parameters in De Kée's viscosity equation which
will be outlined later in this discussion.

An effective viscosity nefgnay also be defined in
an analogous manner leadiné to a Reyndlds number of the

form

Re = _&vm_ ' (IV-lG}
Metr

. where units of T]P"and ‘T]eére Pa. s .*With this effective vis-
¥ .

cosity, we can obtain a shift factor, k , which will deter-

mine the necessafy shift to lire up the viscoelastic friction

factor curve to that of the Newtonian case (f = 24/Re).

-

Algébraicaily, by equating the Reynolds numbers of Equations

(IV-15 and . IV-16)

Y DP | [%0D; :|_k' o (IV-17)
nef nO 7 .

the effective viscosity may be determined to be:

_ : : (IvV-18}
1%!5 l%L

The derivation of these equations will now establish

i

a foundation for examining the phenomena observed during

§§
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experimentation. Before entering upon a discussion of these
phenomena it will be appropriate to examine some of the
propertieg'associated with these fluids.

There was a sharp contrast in ﬁhe measured vis-
cosities of the three solutions while the solution densities
and surface tension shown in Table (IV-1) were comparable.

The reason for this lies in the fact that the two non-Newtonian
EUig§ions are primarily H20 and Hzo—glycerol and one would
expeét tﬁef}_surface tensions and densities to be comparable
to pure H,0 and glycerol solutions. Howéver the primary

nermal stress difference and viscosities were significantly -
'different fo:_the non-Newtonian fluids, hence a more de-

tailed examination is required for explaining these last two

lution properties, one involving chemical structure.

Table (1y-1) Surface Tension and Density Values

Fluidé Surface Tension (N/m) Density (kg/mB)
A. 40% Glycerol 0.061 1091
B. 1% cMC 0.057 1001
C. 1% PaaA 0.071 1128
D. H,0 ‘ -{\ 0.074 ‘ lo00
E. Glycerol 0.063 1261 -

Depicted in Figures (IV-1) and (IV-2) arg graphs of the
viscosities and primary normal stressﬁdféférences as a
function of the shear rate, i for the three fluids studied

and predictions for each.utilizing De Kée's model

y 0t



Figure (IV-1)

<

Viscosities As a Function of the Shear
Rate for The Three Test Fluids.

-

1De Kée Model (Equation IV-20)
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Figure (IV-2)

Primary Normal Stress Difference As a
Function of the Shear Rate for 1% CMC
and 1% PAA.

sDe Kee Model (Equation IV-21)

-
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Glycerol used in the Newtonian solution is an organic

~

alcohol, with the following molecular representation:
CH, OH -
éH OH
Ho OH
It is composed of short, straight chains of very

low ‘molecular weight (M=92) and is gquite soluble in Qater.
At low concentration ( 50% wt) the molecules being sg short -
and straight behave independently of each other and offer
little resistance to shear. Glycerol like water is a New-
tonian fluid whereby the viscosity (Tjor ) is independent
of the shea£ rate'(i). Glvcerol and water also exhibit
no primary normal stress differences, which is tvpical of
all Newtonian £fluids.

The tﬁo viscoelastic liguids used, namely, 1% CMC
and 1% PAA in glycerol—H20 contain macromolecules, which
are long chain molecules, with very high molecuiar weights.
These linear polymers are long covalently bonded structures
which tend to coil up and uncoil when placed in solution.
The coiled chains tend to create/destroy specific junction
points or entanglements when placed under shear. The
lifetime of these entanglements is characteristic of the
polymer studied and contributes significantly to the vis-
cosity and primary normal stress diffefences exhibited. Since

-4

the value of viscosity and "primary normal stress difference
is dictated by the résultant motion of the polvmer molecule
as a whole. Properties such as molecular weight, chain

length and configuration, and degree of entanglement



\

contribute to the viscosity and primary normal stress dif-
ference. ®
In the case of the glycerolrsolution the molecular

chains all have equal length, however, the viscoelastic

_solutions, contain chains of varying length and are classi-

fied on an average molecular weight (MW) basis. Since
entanglements increase greatly in complexity as the chain
length increases,' one expects an increase of viscosity with
increasing molecular weight. The polyacrylamide used in

this experimental work had a= MW of 500,000 to 600,000 and

. contained the.following repeating unit:

[-CH,CH (comf_z )13

The carboxymethylcellulose utilized in this work con-

tained the following repeating unit:

E06H200H

ZCOZNa-]n

However, no information could be obtained pertainiﬁg

'to its molecular weight.

As can be seen from Figure (IV-1),.the Newtonian

fluid viscosity is clearly independent of the shear rate as

well as Reing lower for all shear rates, as compared to the

two viscoelastic flulds. The two viscoelastic fluids were',

also pseudoplastic. An explanation for this phenomenon is
given in Lodge's (@4) network theory for polymers. His
theory basically states that non-Newtonian fluids contain

-

long chain molecules which ténd to get entangled.

. L
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Entanglements retard movements of long molecules. .Hence

the viscosity is_ high. By increasin.g the shearing force,
molecules disentangJ:e (unceil) and'oriﬁe?xt themselves,
making it easier for them to slide along - hence viscosity
drops. Lodge's network theory can also be applied to the
primary normal stress ‘coefficient as plotted in Figure (IV-2).

/

The coefgg';&ient “blz is defined as:

-

Y o= (T Te2) Pa.s 2 | (IV-19)
12 - 7e |
where: ™ , & are normal ‘stresses (Pa)
: 11 22

and decreases with increasing shear rate.

-

To model the viscosity and primary normal stress

. . .. ’ i
difference coefficient, De Kee's model was used.

—

The model has the following form:
N f -t F |
_ n= npe of + M (IV-20)
P

( tp=10tpy )
where the constantsi],, T)p and tp are determirfegi by a non-
linear regression computer program given in Appendix II.

The primary normal stress difference is given bv:
e

S _ctof
Y =2 %npxpe P

+ Y (IV-21)
12 - o

Where +he constants woo Kp ané ¢ can also .be determined

using a nen-linear regression program. )\p can be obtained

in terms of np as follows:

)\ =M. - {(IV=-22)
P 173



Table(IV-2) Constants utilized in De K&e Models

FLUID 40% GLYCEROL 1% CMC 1% PAA°
n, (Pa.s). 3.51 x 10 ° 0.628 1.167
N, (Pa.s) 0.582 0.516
s (Pa.s) 0.106 0.109
ty  (s) 10.168 5.210
. 2.61 0.383
" A5 (s) 0.0224 - 0.0168
T (Pa.s) 0.080 0.08’9' )
¥, (Pa.s?) 1.0 x 1074 1330 x 10°°
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\

The evaluated constants for the two models for each
of the fluids are given in Table (IV-2). The function V.,
is related to elasticity by the parameters ¢ and'kp. The
Newtonian fluid has no eiasticity:thgt is ¢1é = 0. Elas-
ticity precludes that the polymer chains tend to highly
curved configurations between entanglements (T2). Owing
to these conformations the distance between the ends is
much less than that of equivalent linear leggths. 'Deforma- .
tigp or stretching of the polymer straightens out the
molecules, which tend to return again to an equilibrium
curved state when the deformation force is removed. As
we shall see léter elasticity plays an important role in

determining the shape of bubbles in the viscbelastic solutions.

Figure (IV-3) shows pictures of bubbles which were
in frée rise in the 40% glycerol solution. Scales were
Qrovided for estimating the relative sizes of the bubbles.
For bubbles shown in frames A and B, the scale on the left
is applicable, while for frames C and D, one should refer
to the scale on the right. Bubbles of approximately 1x10 55>
were spherical. However, the pictures lacked proper quality

at this volume.
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Figure(IV-3) Bubble Shapes in a 40% Aquéous Glycerol

Note:
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For bubbles A,B the scale on the left'apblies
while for bubbles C,D the scale on the right
is utilized. '

e
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The bubbles rising in glycerol below a volume of

5x10"%m> tended.to rise in a fertical path, while all

3 would oscillate about

‘their axis during ascent. Bubble volumes at lxlO_Bm3 -

volumes between 5x10~° and 2x10" m

4x10" %03 were spherical shaped, then formed ellipsoidal

shapes at higher volumes and at a volume of' 1x10™ °m®

acqguired a spherfcal céb sh?gs; _Bubbles'gfgater than
lx10-6m3 in volume achieved highly random spheriéal cap
_shapes that wbuld dilatate greatly changing overall dimen-
sions significantly. The interplay of surface tension,
inertia; viscous forces in conjunction with internal circu-

-

lation controlled the bubble shapes. Depicted in Figure

(IV-4) is a graph of(D/H) for l%CMC'agd 40%Glvcerol.

At this time it would bé advantageous to define T
aé the injection period.. T., pertains to the number of
5ub§les injected per unit time. For the case of the 40%
glycerol solution there is considerable scatter in the data
because of the random shape dilatétions observed in this

solution. There is however a tendency for the (D/H) ratio

94

to increase with increasing volume. An empirical curve may be

fitted to the data for the 40% glycerol solition of the form

[ ] 8
(D/H) = 29.60 v °* (Iv-23)
where: D = diameter of bubble (maximum horizontal
dimension) m
ﬁ = height of bubble (maximum vertical dimension) ﬁ
D _ . .
i Dimensionless
V = Volume of bubble (m3)



Figure (IV-4) Eccentricity (D/H) for Newtonian
~ and Viscoelastic Solutions

sEmpirical Model (Equation IV-23and IV-2%)

-
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The viscoelastic solution (1% CMC) also demonstrated

the same trend. In this case the empirical equatlon is given by:

(D/H)= 18.36 V 0.20 - (Iv-2h)

3
;n Figure (IV-5) the effect of injection period
|
on (DXEl/is examined. The experimental work has shown that
there is little effect of injection perioed on (D/H). A
similar empirical equation_for the 1% PAA case ylelds:
’P (D/K) = 28.18 v 9-22 | (Iv-25)

f

Experimental data are listed in Appendix 1. Clift et
al. (C4) mention that incr;ased flattening of bubbles or
an increasing (D/H) ratio resulis from increased inertia
forces directly attributed to the increased terminal velo-
cities.

Bhaga and Weber (B4) claim that for a high Morton (Mo)
number the shape is only a function of Re, since at low
volumes, sgrface tension and viscous forces are more predomi-

~
nant. v
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Figure (IV-5) The Effect of Injection Period
( T ) on (D/H) for 1% PAA

1Empirical Model (Equation IV-25)

~ il
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FiéUre (IV-6) shows bubble shapes observed in the 1%
CMC and the 1% PAA solutions. Both éisés;lastic fluids
were responsible fdr approximately the same.shapé trangitions
although bubbles in the 1% CMC solution appeared blurry, |
probably. because of  the opaqueness of the CMC solution.
With an increase in ﬁubble volume, the air bubblés changed
from spheric&l (not photographed) to prolate teardrop shaped.
into an oblate cusped shape and finally %o a spherical cap.
The tailing phenomena was observed for bubble volumes of

5x10-8m3 to 2x10_6m3 confirming previous reports {Al, A2, C1,

L1, H1).

Perhaps the best explénation for this phenomenon is due
to Barnet et al. (E1l), who cite that azholg (momentum)
defect) develops at the rear of the bubble resulting from the
fluid being displaced by the bubble and failing to recover
quickly enough. This effect is péculiar only to elastic non-
Newtonian fluids as)|detailed by Calderbank et al. (Cl1l). The
explanation for it Atresses the time dependency of the
elasticity of the’ fluid also known as stress relaxation. For

low to moderate

hear rates (i’= 1.2 to 1583-1) the stress

relaxation time was about 3 seconds for the CMC solution at ’

-— - . -
7= 22.3s 1 and 6 seconds for the PAX solution at 7= 22.3s 1

-

For the small bubble volumes./jxlo'sm3 to 1x10 %z there is

an interplay of forces such interfacial tension and

elasticity to govern their sh The viscoelasticity of the

PAA and CMC solutions maintains a smooth bubble contour at
large bubble volumes. This is not the case for the New-

tonian solution. The pattern of rise is also significantly

~

100
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Figuré(IV—G) Bubble Shapes in 1%CMC and l1%PAA
- 4

1% CMC
E-  5x10°%
F - 1x10~7 m3
¢ -~  1x1078 °
H - 2.107% 3
I - 1x107° w°

[ 4
1% PAA
J - 1x107° ®3
K - 2}:10—6 m3~
L - 1x107® 3
M - lxlO_T m3
N - 5.\:l0—8 m3

i ]
\
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different from the one observed for the Newtonian fluid. All
bubble volumes rise in a vertical trajectory with no observed in-

stability in'their motions. The bubbles in viscoelastic
filulds showed evidence of circulatory activity at the surface
(fronti 6f the large bubbles. As the surface molecules of
the bubble move outwards and downwards from the forward
stagnatiﬁnipoint.a new surface forms. The energy required
per unit time to form the surface is ZHRUVt. where vy is the
tangential velocity of the surface (G3). This energy is
balanced by %he closing of the rear surface and any excess
surface energy that is generated is released in the form

of internal circulation. Hughes and Gilliland (H6) pointed

out that circulation becomes appreciable whenever the skin

’ T

friction becomes the dominant surface force. The internal
“circulation of gas inside the bubbles depends on the
accunulation of surface active impurities at the interface.
with observed internal velocities of the order of 1%.of the
terminal velocities (C&4). Surfactants to some extent are

even contained within distilled water and tend to reduce
internal motion by rendering the iPterface rigid. Surfactants
such as Sodium Lauryl Sulfate also have an effect on the
terminal velocity (C4). The terminal velocity of drops was
found to decrease as the concentration of surfactant increased
as observed by Edge and Grant (C4). There are also indications
that shape deformations tend to decrease internal circulation
significantly (C4). They (C4) also mention'that traces of .
surface-active impurities may have a profound effect on

reducing the internal circulation, thereby significantly

-»

iy
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increaéing the_grag_and drastically reducing overall mass
transfer. Levich and Frumkin (L3),proposed the following -
explanation for the absence of circulation. They state that
surface active substances tend to accumulate at the interface
between two fluids, thereby affecting the surface tension.
When a bubble (drop) moves through a continuous.medium.
absorbed surface active materials are swept to the rear,
~leaving the frontal reéion relatively uncontaminated. The
concentration gradient results in a tangential gradient of
surface tension which in turn causes a tangential stress
tending to retard surface motion. In this experimen{al

work no attempt was made at isclating the effects of
surfactants.

The terminal velocity ofthe air bubbles increased with
incréasing volume for all fluidé. This result is.shoﬁn in
Figure (IV-7) and in Appendix 1. Consistent with other
experimentors (A1, C1l, L1) the terminal velocity (%b)
increases more rapidly for the viscoelastic fluids than for
the Newtonian fluid. Garabedian (G4) remarked that rising
bubbles adopt a stable shape which leads to an asymptotic
rising velocity.

Bubbles rising in a viscoelastic fluid have a lower
velocity than bubbles rising in a Newtonian fluid. To explain
this occurrence a force balance must be performed on the
bubble. One may, by equating the gravity'force to the drag

and buoyancy forces obtain the terminal velocity for the

bubble as:

" = @ﬁé@ﬂ& (1V-26)
' ‘



Figure (IV-7}
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Terminal Velocity As a Function of
Bubble Volume for The Three Test
Fluids ( 7= 10s )

1Empirical Model (Equations IV-27 to IV-29)
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This solution is not ap%licable to viscoelastic systems
but does demonstrate the inverge dependency of viscosity upon
'terminal velocity. Judging from the Reynolds number evaluated
for the viscoelastic solutions, bubble dynamics is confined
to a low shear-rate range gi'= 1-10s~1). At this shear rate
range, the viscosity of CMC and PAA is much higher than the
corresponding 40% glycerol sokution viscosity, hence the
terminal velocity of air bubbles in glycerol (40%) sélution
would be higher than in the case of the viscoelastic solutions.
Empiridél equations relating the velocity and volume were

obtained for the three fluids (as shown below), based on¥a

generalization of Equation (II-8).

Lo% Glvcerol

. /3 '
< Vo> = 18.226(V + 1.58x107") (m/s) . (1v-27)
_g. 173
1% CMC < ve> = 16.52(V - 4.59x107°) {(n/s) (IV-28)
1/3
1% PAAC v > = 18.43(V - 4.56x107°) (n/s) (1v-29)

The velocity-volume curves shown for cmb ané PAA did not
contaln a velocity discontinuity as reported by Astarita and
Apuzzo, Caldérbank et. al., Acharja et al. and Leal et al.
(A1, C1, A2, Llj. The discontinuity did not appear even when
experimentation was carried out at irregular injection
reriods. One objective of this work was to see the effect
of injection period  upon the terminal velocity of

the air bubbles, as shown in Figure (IV-8). Clearly
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Figure (IV-8) The Effect of Injection Period
On Terminal Velocity for 1% PAA.

sEmpirical Model (Equation IV-29)
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there is only normal scatter in the velocity-volume data
leading to the conclusion that the injection period (7)),
seems to have very little effect on the terminal velocities.

The study of this parameter (7 ) was based on a hypothesis

to explain the velocity discontinuity based on the transient

behaviour of macromolecules. In network theories one assumes

1o

that the macromolecules form a network of temporary Jjunctions.

‘When the solution is in motion, the molecules slide past
each other losing and forming juﬁctions;- On cessation of
steady simple shear, the stress depends on the change in
concentration of segments. Hence T, the injection period
has a direct effect on the prevailing stress. Since this
concentration decreases in exponential fashion, the relaxa-

. -
tion functions decrease more rapidly with increasing %

the initial shear rate (D5). The air bubbles travelling
through the stagnant viscoelastic solution provide the
initial shear rate ( i,)- -

The drag coefficient, £, was also evaluated via
Eguation (IV-14). Figure (IV-9) shows Stokes Law for com-

parison with the Re-drag curves for our test fluids. The

drag coefficient for glycerol is outside the boundaries

established for creeping flow-namely a spherical bubble travel-

ling with low velocity (or Re<l).



Figure

(IV-9)

Drag Coefficient Versus Re for The
Three Test Fluids

:Empirical Model (Equations 1V-31 andIV-32)
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To fulfill the creeping flow assumption for éigétic
non-Newtonian fluids one deviates from the EBs’s’fcal creeping
flow hypothesis that the inertia terms in the equation of
motion are negligible as compared to the internal stress [ e
terms.. This translates into a low Reynolds number analysis
of the problem. For elastic fluids the Weissenberg number
has to be evalﬁated, since high Weissenberg numbers may
result in creeping flow conditions even at comparatively

higﬁ Reynolds numbers (A3).

The Welssenberg number can be eXpressed as:

- Ve .
Ws = Ri‘—.__:m- (1v-30)

The drag coefficients were calculated for CMC and

PAA as a function of Re, respectively as:

: 7.0

f= e (Iv-31)
6.0
f= Re (IV~32)‘

Clift et al. (C#) show that the drag coefficient for
bubbles lies below the rigid sphere curve (Stokes Law) when
internal circulation is present. The drag is dominated by
deformation. The drag curves would also lie below the rigid
sphere curve if we were dealing with cylinders instead of
spheres (B5). The shift factors tk’) for CMC and PAA, which
would'align the viscoelastic friction data to Stokes Law,

were found to be:



114

Keme = 3.43 ' (IV-33)

s

kPAA = 4.00 (IV—34).

This factor precludes that the viscoelastic friction data
are approximately three times lower than the rigid sphere

data in a Newtonian fluid. The effective viscositdes (‘neff)

at low ?were also calculated and found to be:

neff = 0.383 Pa.§ _ (IVfSS)
cMe

NMegf = ¢.400 Pa.S (IV-36)
PAA

The drag phenomena observe& in this exXperimental work

can be analyzed tgrough the ideas put forth by Barngt et al.
.{Bl). They sgate that a "hole" ér momentum defectrresﬁlts
when a fluid passing over a sphere fails to recover guickly
enough. This  process, sets up én adverse pressure gradient

and a wake develops. The energy transfer required to create
the wake in a Newtonian fluid is much less than in the corres-
ponding non-Newtonian fluid due to the absence of elastic
forces. Hence , due to elasticity, the drag experience& by
. the bubble in a visgoelastic fluid would be greater ﬁhan ’//
that experienced in a Newtonian fluid. To complete the

7comparison, 2 line was fitted to the Newtonian case of

-

the form:

Re | (IV-37)
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The last point examined in this section is the possib-
ility of wall effects. Warshay et al. (W1l) present a

correlation to correct for wall effects of the form:

> 1.%3
D
“S% =1t (_f) "% (Iv-38)
where:
De = equivaleﬁt diameter of bubble (m)
Do = .diémgter of chamber (m) ¥
K = correction factér for wall effects

Since the experimeﬁtal tank has orifices<located uns-
ymétrically because of the decision to fabricate a square
vessel for photographic reasons, this correlation would
only provide an order of magnitude analysis. The correlation
also does not take into account the non-Newtonian nature of

the two fluids studied by this work. However, the correction

factor K is about 1.2 for the largest volume butble produced

(approx. 1.0x10-5m3). while K is about 1.1 for a 2.0x10-6m3
butble.




(ii) MULTIPLE BUBBLE INJECTION

" The multiple bubble-experiméntal results are primarily
gualitative in nature with only.three parameters examinéd,
relative bubble volumes, injéction period and orifice
separation (A). The data may be divided into two main
groups, based on the type of coalescence experimentation
performed. 1In the first group, one bubble was fixed at
1.0x10"%m3 in volume and a subsequent bubble was injected
simultaneously at different horizontal coordinates (orifice
sepai‘ationf A) and different Qolumes until it reached a
- volume (Ve) which coalesced with the fixed volume bubble
In Figure (IV-10) Vg, the coalescent ﬁolume‘(mBJ_is plétted
against;/\, the orifice separation (m). Data are shown for
different injection periods. The plot consists .of
results for PAA and CMC only, because no coalescence phen-
omena could be realized in the Newtonian case. Due to the
 sgvere oscillatioas and dilatations of the bubbles formed
in this fluid, bubbles did not coalesce. They woulg dis-
intégrate upon collision. he viscoelastic coalescence data

when fitted on semi-log coordinates produced models of the

form:
13 CMC -7

Ve = (6.52x107 ") Exp (60.68A) (IV-39)
1% PAA -

Ve = (1.50x107°) Exp (49.89 A) (IV-40)

These empirical models show that Vc and A are related. A

greater coalescent volume is required for greater separa-

4



Figure (IV-10) Bubble Coalescence With a 1.0x10 °m>
Bubble As a Function of Orifice
Separation ( A) and Injection

Teriod (T).

1Empirical Model (Equations IV-39 and'IV-40)
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tion upon injection. Multiplying the CMC cufve by a faétor
of about‘é will approximateiy allow a superposition of CMC
and PAA curves. This factor seems to be proportional to the
reléxation_times‘of the two viscoelastic solutions.

Since for moderate shear rates ( i = 1.2-158 s-l) the
stress relaxation time was of the order of 3 seconds for the
CMC solution and 6 seconds for the PAA solufion. Injection
perioq ., (T ) was not found to be a significant parameter
in controlling coalescence for this two bubble phenomenon.
The coalescence curve for the.more elastic PAA solution is
higher than that of the CMC solution on Figure (IV-10). It
must be stressed that }he coalescent volume V. is the minimum
volume of bubble required to coalesce with a 1.0x10-6m3
bubble just before escaping the terminal velocity region.

Coalescence, as mentioned earlier is a three stage .
process. In the first stage the trailing butble enters
the wake behind the leading bubble. Depending upon its size,
the trailing bubble experiences less drag in the wake and
accelerates towards the leading bubtle. An order of mag-
nitude analysis may be performed utilizing Batchelor's

far wake veloclity solution (A4) to examine the accelerations

in this region. The far wake solution takes on the following

form:
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Vi (r,z)l= the wake velocity (m/s)
Z = the axial distance measured from rear
of bubble (m) ‘
VAo = the terminal velocity of the leading
bubble (m/s) .
r = the radial distance (m)

Now by inserting Equations (IV-15, IV-31, IV-32) into
Equation (IV-41)} one can obtain an approximation to the
wake velocity in the viscoelastic fiuids. By different-
iating this new equatioh with respect to time an acceleration
may be realized. Typical wake velocities calculated from
. Equation (IV-41) with r=0 and z=0.01 m are 0.051 m/s and
0.053 /s for a 1.0x10 %n> butble and 0.212 m/s and 0.193
n/s for a 10.0x10"x> bubble in 1% CMC and 1% PaA, respectively.
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Then ensuing bubbles collide as a result ané'are separated
by a thin liquid film; or sometimes they separate completely
fr;m each other: In fhe third stage, the ambient liquid is
drained from the interfacial film until this bursts and coa- «
lescence occurs. Acharya et al. (A4) mention that greater
the elasticity, the longer the drainage time 6f the separating
film between two bubbles. Even when two bubbles collide they
could separate or not coalesce. This phenomenon was noticed
for both viscoelastic fluids many times in the multiple bubble"
experiments, especially when bubbles were of approximately the
same size.

In the behaviour of.a free surface bounded by a Zas, the
molecules of the liquid.are influenced by the cohesive forces
of the ligquid alone, since the corresponding forces from the
gas on these liquid molecules are negligible. The resﬁltant
force 1s directed inwards. However, conditions change when
bubbles coalesce and the sufface of the liquid (interfacial
film)} will then be acted on by forces from the contiguous
" media. By producling a‘lafger surface contact area, more sur-
face energy is required to create more surface, and since
surface energy is inversely‘proportional to interfacial area,
the surface free energy starts to decrease. If free energy
- {(surface) be gero or negative according to Adamson (A5) the
teﬁhency would be to disperse one phase into the other (i.e.
coalescence). Along this thin surface region there is dif-

fusion and Brownian motion resulting in an interchange of
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molecules between the surface and bulk region. Elasticity
appears to prolong the coalescence process. A character-
istic of films is their resilience to mechanical disturb-

ance. Gibbs (AS) considered this important property to be

- associated with the elasticity of the film E, represented by:

F= 2. 49 Nm_2
T dlnA

where:A= area of film (mz).

(Iv-42)

Qualitatively, E gives a measure of the ability of a
film to adjust its surface tension under applied stress.
When a bubble is deformed from a spherical shape its per-
sistence on remaining intact depends én the elasticity of
the film to'perm;t variations in shrface tension. This now
allows us to consider .the effect of chemical potential,
operating at the interface. Due to the Gibbs efféct any
disturbance of the interfacial £ilm accompanying an increase

of its surface will reduce the surface excess temporarily.”

Surface excess may be defined in the following manner:

1 ¢0 = -$Ldu, - (1v-43)
where:

u;= chemical potential(Nm.moles_lJ

-2
f5= surface excess (moles.m )

The surface tension risesas a conseguence and this increase

\\*\‘\\ of tension (proportional to E) counteracts further extension
2 of the surface thus tending to restore the initial equilib- .
’ rium. The temporary rise in surface tension due to a de-
crease in the local surface excess is lessened by a reple—

neshing of the absorbed species from the bulk liguid by

diffusion and Brownian motion.
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Davies-and Rideal (D4) claim the higher the viscosity
of the fluid the slower will be the drainage. They claim
that the rate of thinning is related to the drainage rate,
with a thicker film producing a faster drainage rate. This
behaviour of film thinning and drainage is also governed by
radial squeez%ng flow occurring between the two bubble inter-
faces. Within a short time the integrity of the film de-
clines and after reaching a certain f£ilm thickness as shown
by Marrucci (M2) the film collapses and bubbles coalesce.

In the second part of experimentation with multiple
bubble phenomena, three bubble coalescence was examined.
Three bubbles of-equal volume were injeéfed at different
érifice separatiéns and configurations for two injection
periods . A summary of the results is presented in
TABLE (IV-3). As can be seen from the data the elasticity
of 1% PAA prevents coalescence until a higher volume is

produced in comparison to the 1% CMC solution. However

the injection period has a large influence on the,
coalescence volumes. When 7 was less than or egual to one Ssec-
ond the coalescence volume was much smaller than for the

lowef injection veriods in all cases, independent

of the spatial distances or péttern. The table illustrates
only the minimum volume necessary for coalescénce of'all three

bubbles within the endpoint of the terminal velocity region.



Table(IV-3)

Summary of Triple Bubble Phenomena

Test Fluids %CMC 12PAA
Sé‘para%ion Pattern?€ 15471571 <17 Yr> 17t
: * A * % *e ‘-lT-I-

9/9 Linear NC 1.04 NC 1.%2
15/15 Linear {3.37 |6.08 8.1 11.6
30/30 Linear | 8.0 [11.20 11.64 NC -
30/15 Linear | 3.4 [1.1& 4.4 11.42
30/9 Linear [2.01 |4.56 3.7 8.23

, 18/10 ‘%gjuo 2.4k |3.52 | 888 | 10.7
9/10 %}0 1.58 | 2780 445 6.86
20/20 Linear | 6-8 |10.9 " 8.9 NC
25/25 Linear [8.14 'NC _ 10.6 NC
39/39/50 fg 50 19.72 NC 10.7 NC
29/29/50 %gz:]so 6.50 NC 7.56 NC

2

* Note Distances Given are xlO?Bm

** YVolumes x10+6m3

NC =

no coalescence (complete)
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If the bubbles produce shearing stiresses resulting in
deformations to the bulk viscoelastic liguid at a rate
superceding transient relaxations (D5) viscous resistances
will be greatly diminished thefeby allowing bubbles to
impact with greater force (i.e., greater accelerations},
This shock will'enhance the enlargement of film
surfaces and reduce the coalescence times considerably..

Also more surface contact area is created when three bubbles

"collide so by reasoning provided by Adamson (AS5) quicker

coalescence times should exist for the three bubble cases
in comparison to similar two bubble cases. Triangular';r
closed patterns provided more interaction than linear patterﬁs
and in some cases lowered the coalescenee volumes. More ex-
perimentation has to be performed in this area to quantify
any definite trends. However, as the separatioﬁ between
orifices (/A ) increases the volume required for complete
coalesgénce also increases for'both 1% CMC and ‘1% PAA. The
mode of coalescence for three bubbles is practically the
same as for the two bubble case, except occasionally two
bubbles will cozalesce first and the third coalescing with
the product of the fir%t_two,

This is depicted in Figure (;V-ll) where two bubﬂles have
coalesced already (both 1.0x10;5m3 in volume) at an injection-

period. of 1/2 8 and a linear separation. of 3.0 x 10"%n

in 1% PAA.

5
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26

Figuro4f£—ll) Three Bubble Coalescence Phenomena
(The two bubbles on the right have
already coalesced,both 1.0x10 >m>
in volume,at an injection period

¥

of %¥s and a linear separation of

-~ 3.0x10 %m in 1% PAA)
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Shown in Figures (IV-12) and (IV-13) are photo-
graphs of the sequence involved in two and three bubble

coalescence. 1In general the bubble below travels in the

‘wake of the leadiné bubble achigving a velocity equal to -

its own terminal velocity plus the wake velocity of the

_leading-bﬁbbie;”then accelerates greatly toward it. By

virtue of the bubble relative volumes, the bubbles collide"

and form a thin interfacial film between them, film thinning
and drainage occur and the bubbles coalesce. In the case of
three bﬁbble coalescence, however, the central bubble manages

to position itself ahead of the other two bubbles. The three
e

_bubbles initiallv after injection.repel each other and the

outer two bubbles acquire a radial ﬁelocity componeht,‘liter‘
ally pushing themselves away from the cent;al“bubble. The
central bubble rises on an axial trajectory only. Hence

this manipulation allows for the central bubble to position

itself slightly ahead of the other two bubbles. This re--

pulsive action may be a result of vortex or wake interaction,
elastic effects or possibly some type of electrostatic
phenomenon. Monolayers may beéome charged dependent on the
ionic properties of the polymer solution. The polymers used
in this work may be considered ionizable because of their
side greups:

' 0
<
_C.___NHZ PAA

=0 CMC
™~ ONa

—
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Heﬁce, conditions for charged monolayers could exis?.
Bikerman (A5) has published resﬁlts on the electrical
conductivity of bubbles and if applied to this situation,
'three bubble repulsi&h could be explained as simply an

-

e%gctrostatic phenomenon. More expeiimentation in this
area would be welcome. From Figures.(IV—lz) and (IV-13)
the lower bubble will change 1ts trajectorv immensely and
even undergo large deformations to collide with the leading
bubble. An explanation for this action may possibly be

derived cohsidering pressure variations in boundary laver

theory.
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Figure (IV-12) Small Bubble Coalescence Phenomena
TOP ROW: 1% PAA
V) = 4.70 x 107° o’
v, =1.0 x 107°m’
A =2.4 x10 %n
T = 4s
BOTTOM ROW: 1% CMC
_ _ _ -6 _3
Vl—Vz—V3—l.5XlO .m

9.0 x 10> m

il

1/2 s
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Figure (IV-13)

TOP ROW:
vy
Vo
A
T
BOTTOM ROW:
Vi
A

Large Bubble Coalescence Phenomena

1$PAA
= 9.33 x 107% 3
= 3.53°% 107° n3
= 2.4 x 1072 n
= 10s
12CMC
v, =V, = 7,5x10'5 m

L
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CHAPTER V. CONCLUSIONS
_Thé viscosity and primary .normal stress difference were
" measured for the two eléstic fluids used in this work. The
non-Newtonian viscosity for the 1% CMC and 1% PAA solution
was, by order of magnit@de, quite similar, whereas the
. . Primary normal stress difference was greater in the case of
PAA un@e; the shear'rate range measured.
The shape and motion of the air dbubbles were gpverned by
hydrodynamic forées. surface tension, elasticity and viscosity.
DNo velocity discontinuity was observed by plotting the
logarithm- of velocit& against the logarithm of volume in <the
case of the two non-Newtonian fluids and the Newtonian -
glycerol solution. Also, there was no appreciable effect
of‘injeétion period . upon terminal velocity and the
eccentricity (D/H) for the air bubbles. ’?
The eccentricity (D/ﬁ) for the bubbles increased with
increasing volume as a result, predominantly, of inertia.

The eccentricity data for the glycercl soluiion were scattered

tecause of the random shape di;gtions_the budbbles undertook
) D

110

n this solution.

Furthermore, the friction factors as a function of the -~
Reynolds number were determined using the three fluids. The -
two non-Newtonian fluids 1% CMC and 1% ?AA revealed friction
factor curves lower than that descrited by Stokes Law due
to thelir non-spherical éhape. , y

Coalescence was seen to occur in three stages for both
the sinmultaneous injection of two and three bubbles. In

e

stage one a bubble or bubbles eniter the region behind the

- -

134 7
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leading bubble with both axial and radial velocity components..
Experiencing less drag in this region behind the leading bubbdle,
the trailing Bubble/bubbles accelerate significantly until
collision takes!;lace with a thin film separating the bubbles.
In stagé three a process of film thinning takes place
leading to rupture of the film and coalescence. From the
corrésponding photography and 16mm movie film 6n these bubble -
dynamics, it was obvious that the coalescence phenomena is
symmetrical. Therefore, a model based on a symmetrical wake
\\\/could be used to account for the velocity and acceleration

present in this region.

An empirical graph relating thecvolume'necessary for

coalescing with a 1.0 x 10-6m bubble as a function of the

initial horizontal orifice separation distance was drawn

.demonstrating the delaying effect of elasticity on coalescence.



(1)

(14)

(iii)

Adv)

(v)

{vi)

More expéfimeﬂﬁatioh is required with various
eiasfic solutions of varying concentrations to
substantiate £his works claim of no velocity

discontinuity.

Since the exéerimental apparatus can be manipu-
lated to inject different gases,it would be advant-

ageous to stﬁdy bubbles of mohatomic,polyatomic and

inert gases.

Chemicals which influence the surface chemistry of
bubbles (surfactants) should be added to various ela-
stic fluids to further understand their behaviour.
Dimensional analysis is required in modelling the

velocity and coalescence phenomena discovered by this

work.

High speed movie work would be helpful in explaining

more confidently the phenomena witnessed..

The graphical correlation based on two bubble coale=
scence should be extended to cover more bubbles
injected simultaneocusly and different gases so as to

aid in designing distributor plates and other gas

liquid contact devices.
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{viii)

(ix)

{x)

(x1)

N .
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Weakly eviéent from the movie on bubble ccales-
cence, bubbles upo# injection would veer away
eventually acquiring greater mutual separatioms as
compared to initial injection séparation.'lt would
be interesting to observe this phenomena with solu-
tions more electrolvtic in character and possibly
explain it in terms of electrostatic forces

between the gas and.liquid.

~

The injection of one bubble of a certain gas and

another bubble of a different gas would examine the
behaviour of multigas coalescence phenomena, as

vet untested.

Laser doppler annamcmetry could be used to examine
the velocity distributions surrounding these rising

bubbles in elastic fluids.

Synthetic bloed or a reasonable substitute could be

used in place of the elastic solutions to examine

"the behaviour of bubbles in the human circulatory

system.

Lastly, this automatic injection system could lead
to an improved method of mixing gas-liguid compo-
nents; tests should be carried out to discern

under what conditions it would be feasible.
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. NOMENCLATURE

Area of the film (m®) _ 3

Dimensionless parameter defined by equation (II-26)
F

Constant in equation (IV-12) ¢

Constant in De Kée Pnsd model eqﬁation {I¥-31)
Diameter of bubble (m)

Diameter of chamber (mf

Equivalent diameter of bubble (m)

Edtvos number

Elastioity of the film (Nm™2)

Friction factor as defined by equation (IV- 6)

Drag force on bubble (N)

Acceleration due to gravity (msfz)

Height of bubble (m) N |

Correction factor for wall effects equation (IV-38)
Dimensibnless parameter defined by equation (II-10)
Shift factor defined by equation (IV-17)

Separation (vertical) between bubbles (m)

Critical vertical separation distance (m)

Fluid consistency index (kgm—lsnfz)

Morton number

Fluid behaviour index

Pressure (Nﬁ_z)

Radial spacial coordinate (m)

Radius of bubble (m)
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Xn'
AXx

A

Wake velocity in vertical direction (m/s).

Ca 139

Refnbldé'numbér , ‘ S Lo
Critical equivalent radius of bubble (m)

Dimensionless parameter in equation (II-5) (s).

Reciprocal of stroboscopic frequency (s).

Time constant in equation (IV-5) (s).

-

‘Constants in De Kée Pnsd equation (IV 20-21) (s).

Coaiescence time (s)
Chemical potential of species i (Nm.moles 1)
Velocity of bubble (m/s).

Velocity of leading bubble.
Velocity of trailing bubble (m/s).

Terminal velocity of leading bubble (m/s).
Terminal velocity of bubble (m/s). N
Tangential velocity of surface (m/s). -
Axial wake velocity (m/s). P
Volume of bubble (m’)

Volume of leading, trailing bubble (m°)

Coalescent volume (m”) | -

Critical volume (m3)

- Uncertainty in value i.

Weissenberg number

X; Pseudoplasticity correction factor for index n.

Distance travelled by bubble within time t (s).

Axial distance {(m)



" GREEK SYMBOLS

T30

ST \

=

© ©
o

g 33 Fer= R

=3 3
o

eff

€
[
)V

ST B B

Iy

< >

& v

A
g

Surface tension (N/m)

Density of continuous phase (kg/m>)

Denéit& of particle (kg/m>)

Density difference between 2 phases (xg/m°)

Shear rate (s~1)

Tnitial shear rate (s~ 1)

:Constants i De "Kée Pnsd équafionf(If 21;22) (s).
Non-Newtonian viscosity (Pa.s)

Zero shear viscosity (Pa.s)

Infinite shear viscosity (Pa.s) |
Constants in De'ﬁee'viscbéity'aﬁd Pnsd equations (Ei‘zo-éé).
Effective viscosity defined by equation (IV-18) (Pa.s). ‘
Primary normal stress coefficient (Pa.s 2) H
Newtonian viscosity of continuous phase (Pa.s)
Kinematic viscosity of contégg%us phése ( m%/sy
Injection Period - (s )

Shear stress (Pa.)

Dummy variable in equation (II-10)

Integration constant in equation (II-20)

Integration constant in equation (II-21)
Horizontal orif;ce separation (m)
Surface excess (moles.m™ %)
Average of property specified

Constant in De K€e Pnsd. equation (IV-21) (Pa.sz).

Y
El’gz Normal stresses (Pa)

Standard deviation
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Appendix I

Experimental Results of Terminal Velocity,
Volume, Diameter and Height of Bubbles in
the 3 Fluids Studied.
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Appendix II

Non-Linear Regression Computer Program
Utilized in Modelling Viscosity and

Primary Normal Stress Difference
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APPENDIX III

Uncertainty Analysis and Standard Deviations
~ of '
Fitted Curves

o)
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a

The data used for the'uncertainty analysis are taken from

-6

the case of a 1.04 x 10 °n’ bubble rising in a 1% PAA 50/50

.glycerol water soclution with an injection period of f=1OS

The uncertainty in ﬁﬂe/following quantities are estimated
VeV + <Vee> D/H, P, using Kline and McClintock's method (K2).

(1)  Terminal Velocity (v )

where  Ax = the distance travelled by the bubble

within two consgecutive flashes of the

stroboscope
Ax = (3.50 + 0.05) x 10 %m
t = +the reciprocal of the stroboscopic
frequency
’ t = 0.167 * 0.01 s L/
W. = uncertainty in value i
also : ’
o™ [ W v g ]
R dAXx t
: A
- = W + - AX_ 't
[(—f&) (32— }
A
2 27°
=« W L
- Vco [( _%) * (_t_) ]
Ax t
. . _ -2
which gives v_ = (20.96 % 1.29) x 10" “n/s (# 6.2%)

o



(2) Average Terﬁ_zinal Velocity <vp>

- 1/3
<¥%p> = a (V- b ) /s
where a = 18.43 +0
b = 4.56 x 1078 + 0
V. = (1.04 * 0.0035) x 1003

W = w. 2

-2
= | 1a (v-) 3%] .
3
which gives o =(18.48 * 0.031) x 1072 m/s (+ 0.17%)

(3) Won-Dimensional (D/H)

' 3
2 2
W - o{D/H W 9(D/H) ]
(D/H) = B—&L-LD D) + ( 5o _‘Y{)
. : ‘-2
D = (1.32 £0.05) x 10 m
_2 '
H = (1.09 * 0705) x 10 m

also w (D/H)

i
2 2
W Wy
%[“5‘9"1 +Ux) ]

which gives  (D/H)= 1.21 % 0.072 (* 5.9%)



(4) Density of 1% PAA (p)

p = Tpaa
Veaa
- -3
where Moy (57.01 * 0.01) x 10. kg
v = (50.55 + 0.10) x 1077 o’
PAA ;
alse L e YR "vmm]
{ 3Mpa o PAA Vpsa

~

which gives p

(1128 + 2) kg/m° (+ 0.2%)

£ ~ '
(5) Coalescent Volume (Yo)

Ve = A Exp (BA)
- -6
A = 1.50x 107" + O
B = 49.89 r0
A = (10.0 *+ 1.0) x 10 °m
- | v _ '

‘'which gives V., = (2.47 x .12) x 10~62 (+ 4.86%)
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Standard deviations for thé fitted curves were calculated

\uszng the follow1ng formula'

Z(y -3rp)2

Standérd deviation

'Data point

Fitted point
Number of points

Number of parameters

- ag
" where ,

0‘ =

y 3 =

¥y p =

N =

p -

Fitted Quantity

Viscosity 40%
Viscosity 1%
PNSD 1%
Vigcosity 1%
PNSD 1%

D/H 40%
D/H 1%
D/H . 1%

<Veo> | Lo%
<veo> : Jl.g

< Voo .

¥ © 0%
£ 1%
£ ' 1%
V. 1%
Ve 1%

U (Standard Deviation)
Glycerol +5. 1 x 10'6 Pa.s
CMC %0.05 Pa.s ,
CMC *+0.236 Pa.s
PAA ¥0.069 Pa.s ,
PAA *0,106 . Pa;s2
Glycerol +0.304 x 10_,
CMC . $0.138 x 10_2
PAA *0.212 x 1075
Glycerol +0.531 x 10_7 n/s
CMC *£9.21 x 1077 w/s
PAA +0.36. x 10°" n/s
Glycerol * 0.022
CMC +0.014
PAA "30.017 g 5
CMC * o.29 X 10_6m3
PAA ¥ 0.52 x 10 °m
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