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Abstract. The flow in the wake of Taylor bubbles rising through stagnant Boger fluids was experimentally investigated
aiming to characterize the flow pattern and the size of the wakes. A photographic study of the wakes of slugs rising in
tubes of 32 mm internal diameter is presented. The results are compared with the wakes of Taylor bubbles, rising
through a Newtonian fluid with similar viscosity, and with previous works in shear thinning fluids. In this work, the
influence of the elastic component of the Boger fluids, in the hydrodynamics of the wake region, is presented for the
first time. The elastic enhancement in the present viscoelastic fluid (PAA300) was responsible for the formation of a
complex three-dimensional flow structure, in the region below the bottom of the bubbles, with the formation of a small
cusp. This cusp was observed in different orientations, during the bubble rise, indicating a fast rotational movement.
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1. INTRODUCTION

Slug-flow is a two-phase flow pattern observed whas and liquid flow simultaneously in a tube. Bheg-flow
regime is characterized by a series of individ@abé bubbles, also called Taylor bubbles or gagsslwith an
elongated shape, witch almost fill the availabterlcross section. Familiar examples are found énrtbck of a bottle
which is being emptied too rapidly, air-lift readpcooling system of nuclear power plants, andtgrmal processes
among others.

Flow visualizations have a vast practical relevaindéuid mechanics providing a clear insight of mpgphenomena,
and supporting elaborated mathematics. Non-Newtofligds are usually liquids with high viscosityhigh leads the
majority of the viscoelastic flows to occur in tlaninar regime, facilitating the use of visualipatitechniques. Boger
and Walters (1993) published a benchmark compitatfcflow visualization studies dedicated to nonaltlenian fluids.
On the other hand, the available literature dealiityy the flow around Taylor bubbles in non-Newtamiliquids is
scarce, and inexistent with respect to single fagssising through stagnant Boger fluids.

A Boger fluid is an elastic liquid having a constahear viscosity. Since the viscosity is independer nearly so)
of the shear rate, then the elastic effects casdparated from viscous effects in viscoelastic $lowith the latter
effects being determined with Newtonian fluids. Bodluids are dilute polymer solutions, generallada with a
solvent viscous enough to promote measurable sgaksge to elasticity (James, 2009).

This paper examines the wake of gas slugs risingutth a stagnant Boger fluid «<PAA300» (Alves, 200/)e
present results are compared with the results af&a al. (2004, 2005 and 2006), which used simultaneousciar
Image Velocimetry (PIV) and shadowgraphy technigbesharacterize the flow pattern around Tayldokdes rising
in stagnant shear thinning fluids (aqueous solstioh low concentrations in carboxymethyl cellulo&MC, and
polyacrylamide, PAA). A photographic study of thekes of slugs rising through a Newtonian fluid (N9&ith a
viscosity similar to PAA300, was also performed domparative analysis.

2. EXPERIMENTAL TECHNIQUE

The experimental technique adopted to help visedhz flow of liquid in the wake of a single gasgsivas inspired
by the work of Campos and Guedes de Carvalho (1988) experimental apparatus is depicted in Figur@wo
sections of transparent acrylic tube (1), with 3@ nmternal diameter, were connected by a stairdésal ball valve
(V2). This ball valve had a 32 mm bore so, whetyfapen, it did not disturb the rising slugs.

At the bottom of the column, there was a sectia@dus feed coloured liquid and compressed air. Phis consists
of a conical contraction (3) connected to a lamydindrical tube, inside which a hemispherical ¢apcould be rotated,
manually, above the injection nozzle of air. Thdtion nozzle was connected to a compressedrerdy means of a
solenoid valve (VS). The opening time of VS carabgisted to control the volume of the injected gas.

The liquids used in the present work were an agsieglycerol solution with 90.99 wt% in glycerine het
Newtonian fluid N91 — and the Boger fluid PAA30@.dll the experiments, a certain volume of liquidswaken and
divided in two fractions: a small amount (0.175 Wi®6 a strong red dye of Rouge Solophenyle powdAGE from
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Huntsman, was added to one of the fractions, megawie other portion rested colourless. The twdipnos of liquid
were placed in separated reservoirs - bottles Hanespectively.
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Figure 1. Experimental set-up; 32 mm i.d. columa @crylic column; 2 — acrylic box; 3 — conical t@ttion; 4 —
hemispherical cup; 5 — bottle containing the cadolliquid; 6 — bottle containing the colourlessuiliy V1 to
V4 — ball valves; VS — solenoid valve).

The red coloured liquid was fed to the column, bgvg@y, throughout the path containing ball valvé,\until its
free surface came above the ball valve V2. Thieldatalve was then closed, and the reminiscentigedd above it
completely removed. Then, the upper section ofctilamn was filled, up to some level and also byiya with the
colourless liquid stored at reservoir (6), throulgh path containing ball valve V3. The ball valv@ Was again fully
opened, and a controlled volume of gas was injetttezligh the nozzle below the downward-facing otip Rotating
gently the cup, the gas bubble was liberated, asd through the coloured liquid into the colourlkgsid. A series of
photographs (5 shutting per second) were takethebubble passed the section surrounded by aticaboy, filled
with water, to minimize distortion due to the cuiweall of the column.

The photographs of the wake of the gas slugs wapéuped, in a fixed frame of reference, using ataligamera
(Canon EOS300) equipped with a macro lens (CandiO&Rnm, /2.8), that was placed against an illut@davhite
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background. The exposure time was adjusted to 1$50tis gave red-and-white images of good contrasting in
evidence a well-defined portion of liquid — the wak attached to the bottom of the bubble, movingaufhe rise
bubble velocity.

A metric scale, fixed at the acrylic box front-fa@ made possible to scale down the images arardite the gas
slug length and wake length.

There are two important aspects that had beendmnmesl, during the project of the experimental getwhich must
be emphasised. In one hand, the fact of the tesdsflbeing fed to the column by gravity, withougrsficant
constrictions (such as valves, pumps, dftyf would eventually degrade the polymer molec(fes the case of the
Boger fluid). On the other side, the fact of thst tkuids being hygroscopic, obliged bottles 5 &ntb be kept closed,
minimizing the contact of fluids with fresh air.

In all tests the fluid temperature was measured| #re fluid properties were taken from the rheatadi
characterization, shown in the next section.

3. FLUID COMPOSITION AND CHARACTERIZATION

A viscous Newtonian fluid (N91) or a viscoelastioder fluid (PAA300), both based on mixtures of glyne and
water were used in all the experiments. A summétiie@composition of the fluids, inspired in theDPhhesis of Alves
(2004), is given in Table 1.

Table 1. Composition of fluids, in mass concentradi and density.

PAA Glycerine Water NacCl Kathon 9
Fluid [ppm] [%] [%] [%] [Ppm] [kg/m’]
Newtonian (N91) - 90.99 7.51 1.50 25 1235
Boger (PAA300) 300 90.97 7.50 1.50 25 1248

D measured at 300 K.

The Boger fluid PAA300 was prepared by dissolvingmaall amount of polyacrylamide (PAA; Separan AP30
produced by SNF Floerger) in the Newtonian sol\W®t. To minimize the intensity of shear thinningsraall amount
of NaCl was added. To redubacteriological degradation of the solutions, hiecKathon LXE, produced by Rohm
and Haas, was also added.

The liquiddensity {p) was measured using a hydrometeagability of 0.001 kg/fh range 1200—-1300 kgAn

For the N91 Newtonian fluid, the measured shearogisy was 0.16% 0.05 Pa.s, at 27 °C, the same temperature at
which the visualizations took place. It was usddlling ball viscometer from Gilmont Instrumentsddel GV2200).

The viscoelastic Boger fluid PAA300 was charactstizheologically using a shear rheometer (Antorr,Faadel
Physica MCR301) with a cone-plate geometry (75 nameter and 1° angle). The shear viscosity vas measured at
27.0 °C, and the results are shown in Figure 2.
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Figure 2. Steady shear data of the viscoelasti@BB&A300 fluid. The rheological characterizatioasyperformed
at 27.0 °C.



Proceedings of ENCIT 2010 13" Brazilian Congress of Thermal Sciences and Engineering
Copyright © 2010 by ABCM December 05-10, 2010, Uberlandia, MG, Brazil

An important aspect, during the experimental teistdp guarantee that the visualizations are madedthermal
conditions. In the case of temperature variatitims,steady shear tests should be carried out éomemasured range of
temperatures.

The data in Fig.2 clearly show the limiting perf@amee of the measured property in steady shear fitve.reduced
shear viscosity, for the Boger PAA300 fluid, desesmapproximately 10 % per decade of reduced saga() ). This
behaviour is frequently observed with a ‘limitirgdger fluid in cone-plate geometry (Alves, 2004gnde, the reduced
shear viscosity can be considered approximatelgteot, at reduced shear ratgs)( confirming PAA300 as a Boger
liquid.

To complete the rheological characterization of shedied Boger fluid, the relaxation tima) (of the viscoelastic
solution was determined under extensional flow @ooms, using a capillary-breakup extensional rhetem (Haake
CaBER 1, Thermo Scientific). These measurements werformed using circular plates with a diam&gr 6 mm at
27.0 °C. The average relaxation time for the vikiee PAA300 fluid wasl= 0.227 s.

4. FLOW VISUALIZATION RESULTS

Flow visualizations were carried out first for tNewtonian fluid N91, to assess the effect of iredn the flow
structure, and to serve as a reference for congpaigainst the results of the elastic Boger fluMABOO. This
comparison is summarized at the end of the se¢fiable 2), presenting also results obtained by &eual. (2004,
2005 and 2006) in shear thinning liquids.

4.1. Newtonian fluid
The flow pattern around a Taylor bubble, risingelocity U , in a vertical column of stagnant Newtonian liqul

sketched in Figure 3, and diagrammatically repriegsein Fig. 3a. The photograph in Fig. 3b showsdhape of the
slug body and wake, in the 32 mm i.d. column, fer Wewtonian fluid N91.
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Figure 3. Gas slugs rising in stagnant Newtoniaiufl(a) flow pattern around a slug using a frarheeterence that
moves with the bubble (courtesy from Campos anddésiele Carvalho, 1988); (b) photograph of the glake in N91
fluid, performed in a 32 mm i.d. column, at 27 fiCa fixed frame of reference and (c) streamlimethe bubble wake,

in a 32 mm i.d. columnl{, =505, courtesy from Nogueigtal., 2006).

As can be seen in Fig.3b, there is a presencenefladefined wake, attached to the bottom of thblde, rising up
at the same velocity of the bubble.

For the Taylor bubble illustrated in Fig.3b, theemge values df=5.5 cm and=1.1 cm, for the slug length and
wake length were respectively found.
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Campos and Guedes de Carvalho (1988) studiedidie ffattern in the wake of individual long bubblesing
through stagnant Newtonian liquids. These authdestified three different flow patterns in the walaminar,

transitional and turbulent), and concluded thatfkiv pattern depends on the dimensionless paranidte, given by:

N, =/gD°/v, 1)

whereg is the acceleration due to gravity {g), D the internal column diameter (m) andthe liquid kinematic
viscosity (nf/s). For N, < 500, the pattern in the wake is laminar, withigsed and axisymmetric wake, and with

internal recirculation flow (Fig. 3c).
For the specific case of the experiment reporte&ig. 3b, N, =133 and the Reynolds numberRe = 41. The

Reynolds number is defined by:
Re=poUD/n,, (2)

where U is the Taylor bubble velocity (m/s) ang is the liquid absolute viscosity (Pa.s). Note et latter will be

the shear viscosityr(), for a certain shear ratg/(, in the case of the Boger PAA300 fluid.

It can be concluded that the flow pattern, inwake of an individual Taylor bubble, rising througtagnant N91
fluid, is laminar and axisymmetric, with an enclds@rtex ring of coloured liquid (Fig. 3b).

4.2. Boger fluids

Figure 4 shows a sequence of five photographs, tejrto (e), for one single Taylor bubble risingotigh stagnant
Boger fluid PAA300, in the 32 mm i.d. column (atZ3), and using a fixed frame of reference.

() ®) (©) (@) ©

Figure 4. Gas slug rising in stagnant Boger fluldABOO0, in a 32 mm i.d. column, at 27 °C
using a fixed frame of reference.

As can be observed, the shape of the trailing wdkilne Taylor bubble changed drastically: ther@adsdefined
wake and no upward coloured liquid transport. ladten the bubble tail, was visualized a cusp oélseimensions
(see Fig. 4e).

The cusp is seen in different orientations durlmg tbubble rise, indicating a fast rotational movem&herefore, it
can be concluded that the flow pattern in the watkan individual Taylor bubble, rising through stagt Boger fluid,
is complex and asymmetrical. In Figure 5 belowequence of three photographs (see fronthof a long individual
gas slug is shown, rising through Boger PAA300dfwiith an enlarged view of the cusp.

The images in Fig.5 were taken for a"38ingle bubble, of a sequential series of runsngishe same Boger
PAA300, and Fig.4 matches to th& §ingle bubble. That is the reason why the BogeAB0® liquid in Fig.5 is almost
completely red.

The asymmetrical shape of the trailing cusp, patanthe images of Fig. 5, may be responsible foralsm
asymmetries in the flow in the wake region, leadion@ three-dimensional flow. In addition, the asyetrical shape
associated with the rotational movement, could dsponsible for an observed unsteady flow of snralplaude: an
axial oscillation of the trailing edge was seerthveiuccessive periodic expansion and contractiod,véth capacity of
gas disrupting (Fig.5-ab). In fact, this oscillatory movement is respotesifor an unsteady flow of small amplitude in
the wake region — see Figure 6.
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Figure 5. Enlarged view of the wake of thd"3fs single bubble, rising through stagnant Bolgédt PAA300, in a 32
mm i.d. column, at 27 °C, in a fixed frame of refere.

(© (d)

Figure 6. Wake of the $9as bubble, rising through stagnant Boger fluichBA0, in a 32 mm i.d. column, at 27°C
(continuing from Fig.5)magnificence of the trailing edge, with oscillatory movementire wake region.

Sousaet al. (2004 and 2005a) reported a similar behaviourhim wake of a single Taylor bubble, rising in
viscoelastic carboxymethyl cellulose (CMC) solutoin Figure 7, beneath, the results found by tleesghors for an
aqueous solution of 0.8 wt% CMC are depicted.
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Figure 7. Wake of a single air bubble, rising thglostagnant viscoelastic 0.8 wt% CMC aqueous soluth a 32 mm
i.d. column: (a) cusp photograph and (b) strearslinea frame of reference moving with the bubble
(courtesy from Souset al., 2005b).

With the help of PIV and shadowgraphy measureme®tgisaet al. (2004, 2005a and 2006) mentioned the
existence of aegative wake downstream the gas slugs: below the bubble tradihge, along the axis region, the fluid
flows in the opposite direction to the bubbl@egative wake - originating rotational liqguid movements in adkat
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regions. Figure 8 shows the results found by Setiah (2006), for an elastic agueous solution of 0.0%WRAA, in a
32 mm i.d. vertical column.

liquid liquid
film film

Y v

0.0

e, |

|
U
A, 4
ﬁmmmmmmmhw
ﬁmmmmmﬁh.
- mmﬂmﬁmﬁﬂmmr
B A, {Q
mﬂ/fﬂﬂﬁﬁmﬂn\m

=

0.5

1.0

<—-<——_:é_<—%:

2¥/D

v

<—<:
/@é‘:@
e

b
: I T T T T | T T T T | T T T T | T T T T | T T T T |
—

l u\,\ A d i
- .
RNy i
“l\ \\‘ v it Tm\\\\\'\\\_,/'/”u
RITTTI s YT EARETY \\L\\(\\W,,”““,
25 P TR TR NN N N
.50 0.00 0.50
WD 0.50 m/s (FR)
@ (b)

Figure 8. Wake of a single Taylor bubble, risingptigh stagnant 0.01 wt% PAA aqueous solution,32 anm i.d.
column: (a) asymmetric flow and (b) average velpfiéld in a fixed frame of reference
(courtesy from Sousa al., 2006).

To quantify the strength of elastic effects withggo fluids, it is convenient to use a single reteratime in the
definition of the Deborah numbéebg. In the present work, the Deborah number is baseftbw conditions, and on the
average relaxation time obtained by shear rheolagyuantified above:

De= Ay, , 3
where ; is a deformation rate characteristic of the floweg by:
v, =UID, (4)

express in units of’s

In Table 2, the main operating conditions and timetisionless numberBe andDe, for the test fluids mentioned
on the present work are presented, as well ahésetreferred by Soushal. (2004, 2005a and 2006) for comparison
analysis.

In the case of viscoelastic fluids, the correspogdilasticity numberH]), which is independent of flow rate, is
defined as

El = De/Re, (%)

assuming a constant value for each fluid/columnlzoation.

By analyzing the values presented in Table 2, jteaps that, despite the similar occurrence in ¢ fof a small
cusp at the base of the slug, the values of pasamdt andDe for the fluids PAA300 (Boger fluid) and 0.8 wt% @M
(shear thinning fluid), show a difference of onderof magnitude. Indeed, the original form of #meall cusp, whose
formation occurs at the base of the Taylor bubdethe rise in Boger fluid PAA300 and on the 0.86MMC aqueous
solution, can be caused by an elastic effect. engblution of 0.8 wt% CMC, it was reported the ocence of a
negative wake (fluid flow in the opposite direction of the rigjrbubble). In fact, the visualization techniquedisethe
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present study - contrast colour on a backgroundtdfe light (with constant intensity), and photoging in a fixed
frame of reference - did not allow us to conclutew the incidence of megative wake. The calculation of elasticity
numberEl, given by De/Re, shows that, in the two fluids mentioned aboves gredominance of elastic effects
compared to viscous effects is similar (0.04 a3 Orespectively, for Boger PAA300 and 0.8 wt% CIids).

Table 2. Main operating conditions, dimensionlessbersRe andDe and the corresponding elasticity numbérfor
the flow of Taylor bubbles, rising through stagniiBtL and Boger PAA300 fluids, in a vertical 32 mrh i
column. Comparison with the results published bysaet al. (2004, 2005a and 2006).

Glycerine| PAA | CMC 7 1% A §]
Newtonian N91 90.99 - - 300.15 - - 017k h1 |- ]
Boger PAA300 90.97 0.03 - 300.15 0.1-650 0.227 160.| 26| 1.1 0.04
Shear thinnin - - 0.80 | 295.5| 0.04-4000 0.029 0.182 |8 D.2 0Jo3
0.80 wt% CMCY
Shear thinnin? - 0.01 - 294.05 30 - 400 2.3 0.196 41 hn4 034
0.01 wt% PAA®

- Souseet al. (2004 and 2005a).
@: Sousaet al. (2006).

For the shear thinning fluid 0.01 wt% PAA, a higilue ofDeborah was foundde=14), indicative of a very elastic
solution Pe/Re=0.34). Sousat al. (2006) reported the presence of very long wakea#) liquid rising along the
column, as if it was ‘pulled’ by the bubble (seg.B).

Summarizing, the fluid elasticity definitely enhasahe formation of complex structures - three disianal flows -
in the wake region of a single Taylor bubble, sthrough stagnant viscoelastic fluids, which ines Boger PAA300
(see Fig. 5-6).

5. CONCLUSIONS AND OUTLOOK

In this study, the structure and stability of thake of single Taylor bubbles, rising through a stag Boger fluid,
was investigated for the first time, using a simpl®tographic technique (contrast colour on a bamkyd of white
light), in a fixed frame of reference. The flow fahs of the wakes of single gas slugs, risingughoa vertical column
of 32 mm i.d., and obtained under the operatinglitaoms of the present work for Newtonian fluid Naad Boger fluid
PAA300, proved to be very different, as it was etpd. In the case of fluid N91, where the elastimponent does not
exist, the shear viscous effects prevailed on takevilow patterns. Contrarily to that observed vigwtonian liquids,
where the decrease of the shear viscosity leads googressive growth of the wake recirculation tangvith the
possibility of oscillation from a certain criticahlue of Re; Campos and Guedes de Carvalho, 1888je Boger fluid
PAA300, the pattern of the wake flow was more campthe occurrence of a small cusp at the redneofising bubble
was observed, not stationary and with small aréapen recirculation upstream.

In fact, working with the Boger PAA300 fluid, whidras a negligible shear viscosity variation, buhvgignificant
elastic component, allows us to isolate the efté¢he elastic properties on the flow pattern arbtive Taylor bubbles,
and put in evidence the physical phenomena thaicedlifferences in the wake flow patterns relagivtel Newtonian
fluids.

Future work will involve experiments in verticallamns with different internal diameters (19 andrb@), both in
fixed and moving frames of reference, joining exigerof PIV and streak-line photography, to furtdecument the
flow pattern in the wake of individual Taylor bubkb| rising through stagnant Boger fluids. We alspehto make use
of other viscoelastic fluids (such as Boger fluidth different polymers and different concentrasprto investigate the
flow patterns near the bubble rear and the corredipg flow stability.
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