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Analysis of the flow patiern modifications in a bubbly Couette-Taylor flow

A Mehel, C. Gahillst ™ and H. Djerid®™

IRENay, farfinet de Recherche de I'Ecole Navale, Lonvéor Poulmic, BP 600, 20240 Brest Arméex, Franoe

The pim of this Brief Communication is to discuss the bubble effect on the Couette-Taylor Sow
patterns in the treEnsition from laminar to turbulent Qow, especially in the weakly turbulent regime.
It is shown that bubble Jocation and local void Fractions both in the vorlices cores and in the near
wall regions directly influence the axial wavelength. Bubbles trupped in the vortices tend 1o increase
tha voriicity and redoce the anial diffusivity. Bubbles near the wall contribute to “shear induced™
torbulence depending on the void fraction gradient near the wall and the bubble size.

Stdying fiows between two coaxial circular cylinders is
of much interest for chemical, biomedical, and muclear oppli-
cations. In this particular fow, mcressing the rottion speed
of the inner cylinder leads to the development of well known
instabilities and turbulence iakes place progressively. As far
as the single-phase flow is concerned, the state of the art is
very copioas but very few studies deal with bubbly Aow in
this confignration.

Experimental studies have already been conducled in
turbulent Couette-Taylor bubbly fAows with superimposad
axial Anx.? The arrangemend of the bubbly phase depends
on the ratio between the Taylor number Ta, characteristic of
the roiation mie, mnd the Reynolds mmmber, chamcteristic of
the imjection axinsl fox. Mevertheless, in this situation, the
bubble effect on the flow patterns cannol be decormelated
from the axial Aow effect thal tends to reduce the size of the
Taylor vortices and thos the axial wavelength.

In order to investigate the interactions between bubbles
mnd the flow stroctures, il is oecessary o conduct stedies
without superimposed axial fow in the transition from lami-
mar to turbulent Aow. The question we try to answer is: What
is the bubblas” location and the void faction effect on the
Taylor vortices intensity, the wall shear stress, and the tram-
sition to higher order instabilities? To this end, measurements
were conducted in two complementary experimentn] devices
detailed in Refs, 3-5.

Dietniled results obtained for the wavy vortex flow and
madolsied wavy vorex fow regimes (188 <Ta<543) mre
discussed in depth in Ref. 3. It is pot inio evidence thot
millimetric vapor bubbles generated by pressure drop (cavi-
tation} are periodically asmunged. They are located either in
ithe Taylor vortices for Ta < 300 or in the outlow regions for
larger Taylor mumber. In this latter situation, there is an in-
crease in the axial wavelength and 3 premature transition (o
the: thind instability induced by the migration of the bubbles
in the ootflow regions.

However, in order to investigate the comelation between
ithe flow paliern modifications and the local dispersad phase
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characteristics (void fraction, bubble size, and drift velocity),
i larger experiment was buoilt that makes it possible to intro-
duce a dual Aber-optic probe and o perform measurements
for higher instabilities. In Ref. 4, void fraction and velocity
profiles measured i this new experimental device ame pre-
sented and discussed according to the bubble size: millimed-
ric bubbles (cavitation) or submiffimetric bubbles (ventila-
tiom). In Ref. 5. forther measurements obtamed for
millimetric bubbles with ancther ventilation procedure are
displayed. The changes im the fow patierms are obvioushy
more propounced when the bubble size is increased. The
objective of the present Brief Communication is to samma-
rize and bring together results obtained in weakly turbulent
flow for millimetric bubbles by the way of different
procedares ®* [t gives an extonded analysis of modifications
in axin! wavelength. vosticity, wall shear stress, and diffusiv-
ity, a5 & function of local phase chamscteristics, through a
dimensional approach.

The gecmetry of the expenmental device is chamcler-
ized by the following nondimensionnl parameters (gap:
diR=0_1; height: T=L{d=40) with d=R_—R8;=20 mm. The
Taylor number is defined as Ta=+0;Ra’1”. whem 0); is
the immer cylinder angular velocity, ®; the radios, and i the
viscosity of the experimental fluid, which is 3 mixture of
water and glycerol. Figure | shows a general schemalics of
the npparatos. The characteristics of the single-phase fow
patterns are given i Ref. 4. In this stody, special atiention
was paid o the guasiperiodic regime al Ta=T80, and the
weakly torbulent regime sl Ta=1000. From now on, sub-
scripl “4F" is uwsed to demominste the single-phase HAow
paiteTms.

The bubbies were generated either by air injection at the
bottom of the apparatus associaied with a pressure drop | gas-
eous cavitation) or by veatilation at the upper free surface.
The bubble size depends on the generation procedure: milli-
metric bubbles for cavitating fiows, both millimetric and sub-
millimetric bobbles for ventilated Aows (denoted “CF™ and
“¥F,” raspactively). The ventilation procedure is slightly dif-
ferent than the one used in Ref. 4, where only submillimetric
bubbles were trapped in the gap.

For CF and VF, millimetric bubbles are localized both in
the: oatflow regions near the inner cylinder and in one in two



B L. (General schematics of the apparsius.

Taylor vortex cores, as can be seen in Fig. 2. In the vorlex
cores, millimetric bobbles of size dp/d=0L16-0.18 are
spherical shaped. In the cutflow region, millimetric bubbles
are elongated in the direction of the azimuthal fow (large
axis of the ellipsoid {g/d =03). For the ventilated flow, the
oblzined submillimetric bubbles (dg/d =004} are localized
in the oatflow regions. In Table I, contribution of millimatric
and submillimetric bobbles io the void fraction are distin-
puished by & special reatment of the optical probe 5igu.u].’ It
is mecessary lo discriminale the respective comtributions in
order to analyze specific effect of millimetric bubbles on the
flow patterns. The axial wavelength can be linearly strafified
(5F) or homogeneous (HF), sccording to the bubble genera-
lion procedure. For cavimtion, the fow is statified during
the: pressure dectease and reorpamizes it B homooeneous
flow #s soon 85 pressure is sisbilized. For ventilation, the
fow remuins stratified. Local measurements were performead
in the third bubble string below the free surface. The void
fraction . bubble size dg and nrimothal velocity Vi were
determined with a duzl fber-optic probe. The ligoid azi-
mathal and axial velocity components {p,w) were character-
ized by laser Doppler velocimetry.

Figure 3 shows thot the relative varastion in the axial
wavelength evolves linearly with the difference between the
vioid fraction in the vortices core and the void fraction in the
outflow region near the imner cylinder As was sagpested in
Ref. 4. it is now obvious that bubbles Incated preferentially
im the vortices™ core tend o reduce the vonex size, whereas
bubbles locoted preferentinlly in the outflow region tend o
increass this size.

Let ws now suppest the physical understnnding. To
achieve this, it is mecessary 0 have o look of the bubbles®
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TABLE 1. Bubble contribution i the void frction snd wall shear stress.
[void Fractiom gradiest and bubble drifi velocily are defermined af
x=—{1375 in the third bubbie string below the free surfoce, &y is the bobhle
siring mumber in the gap).
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effect on the vorticity when bubbles are trapped in the vor-
tices. Values of the local pressure Laplacian can be nsed to
distinguish “vorticity dominated” regions (positive values)
from “strain dominated” regions (negative valoes). To caboo-
Iate the pressure Laplacian. an analytical solotion for the
velocity field muost be known. For this purpose, a fourth-
order Fouorier decomposition (Davey’s expansion theory ex-
tended to larger Taylor mumbers®), applisd to axial profiles of
measured values of axial and arimuthal mean velocity com-
ponents, was nchieved. Davey's coefficients were then radi-
ally fitted by polynomial curves. The mean radial velocity u
was deduced from the continoous equation. Ermors induced
by this decomposition are deduced from comparison between
experimental and analytical dota. Relative emors are less than
5% and 2% for axial and arimuthal velocities, respectively.

Figure 4 displays the isocontours of pressure Laplacian
for single and covitoting flows st Ta=T80. With the presence
of the bubbles, the global vorticity increases and the location
of the global maximum shifts towards the inper cylinder and
farther from the outAow region. This is in agreement with the
capture of the babbles at the position (z/A=034, x=rfd
— R,/ d+0.5)=-0.22, g can be seen in Fig. 2} which tends to
pugmendt the local vorticity, with a reinforcement in the in-
flow ond & reduction in the outfiow of the shear between the
vortices. The buoyancy leads to an upward shift of the vortex
core. Let us consider the final location of the bubbles in the
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FIG3. 3. Relative yaration im mis wivelength amd voricty indeced by the
hubhles & a fenction of yoid fadion due o millimesic bubbles sad nor
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PG 4. Pressume Laplscian obtamed by modefimtion of the velocity field o
Ta=T8Ix () single-phos fow snd (h) homogensous vilating Sow,

VOrEX Fo, with G and & the voriex. strength and mdios. A
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pammeters such as (dy! R, dg’ o/ 7°. Reg=Gdgl k). The sec-
omd pammeter is the ratio between buoyancy and inertia ef-
fects, Rey is the ratio between inartia end viscous effects. In
ithe present siudy dp/ R and Rey are guite consiant (squal (o
0.21+5% aod 52+15%, respectively). Assuming that the
bubble drift velocity at the equilibrium position can be de-
duced from the vortex strength, the mtio 6Cw/ Bdy repre-
sentative of the mitio borween drag force and inertia forces
({lift, tchen, and added mass) applied to the bubbles is of
order 1. C; is the dmg coefficient dedoced from Moore's
correlation.” When we consider the balance between the
forces including buoyancy, it can be shown thal /R
avolves as gd'(G®, in agreement with a shifi of the final
location cuitward sccording to the retio between buoyancy
and ioertia. Teq obviously augments when bubble diameter
increases or voriex strength decreases. The force by unit vol-
ume induced by the bubbles trapped in the vorex AF is the
consequence of added mass, lift, and drag forces and evolves
5t/ 4" B Hanca, the bubbles lead to an increasa
in the pressure gradiendt thal can be normalized by the global
initial pressure gradient. When considering the formulation
of /R, it yiekis

.ﬂ_ﬂ_ Algrd F) i _AF _gd. (1)

N, (ged Pl (@udPly TG
The bubble induced relative vorticity is now determined as-
suming that Af{l,=Av fvg— Akl kg, where o, is the -
pential velocily deduced from the measurement of mean
axial velocity profiles ai the radial position x=0.25. The evo-
lution of bubble indoced vorticity with respect to
AF,f{grad P, is plotted in Fig. 3. It is interesting (o note
ithat the vorticity expands almost linearly with the void frac-
tiom in the core and the ratio between booyancy and ineriia.
The bubble capture in the core is responsible for an increase
in vorticity and pressure gradients in order to compensate for
bubble buoyancy. This is in agreement with & redoction in
the voriex size, depending on the bubble residence fime
and the bubble number in the vorex, as was expected by
Gopalon and Kaer®

When submillimetric bubbles are localized in the out-
fiow region near the inmer cylinder, there is an increase in the
axinl wavelengih, associated with a decrease in the vorticity
of the vortices (ventilated flow at the bottom of the appara-
tus}. Mevertheless, when millimetric bubbles are frapped in

the outflow region, the increase in the vortex size can be
balanced by the augmentation of vorticity due to bubide cap-
ture in the core of the vortices (top of the apparatus in cavi-
tating and ventilated fAows).

In the single-phase Covette-Taylor flow, the increase im
the axial wavelength is observed when turbulence develops
amdd it is linked to the increase in the wall shear stress.” This
conjecture is worth being checked in two-phase flow by ana-
Ivzing the velocity gradient of the ligonid near the wall in the
outflow region. In Refs. 4 and 5. it is shown that in this
Tegion, bubbles move slower than the liguid in the arimathal
direction. This is due to their migration process, which
makes them move from the opposite side of the gap towaords
the imner rotating cylinder Therefore, the arimuthal bobble
drift velocity (Vg—V) leads to 0 decresse in the mean ari-
muthal velocity of the liguid near the inner cylinder AV/V,.

Let us now consider a simple model thal comelates
{Vg—V) and AV. Based om a “two-fluid” approach, the
change in the arimuthal momentum is doe mainly © the
bubble indoced momentom associpied with drag efects
of millimetric bubbles. Under these considerations, the
arimuthal liguid velocity is deduced from the following
EXPTEssion:

3k,
Ve 1.-’"-1-4'“1 .:q{ln".— Val, (2}
where ey is the coniribution of millimetnc bubbles to the
void fraction, kg is the miio between the drapg coefficient snd
the bubble Hﬂj’nuidsmmhetﬂi".—'r’nﬁph-} and can be de-
termined with Moore's correlation.” ¥y mnd LTy are refemed
here to the mean arimuthal and redial velocity components
of the undisturbed flow (e, the single-phase fiow). For the
bubble Reynolds mumber af stake {=£5), hod we taken into
necount for interface comamination, the drag coefficient™
would have been greater by a factor C=2_ Another issue i
that we have to consider the contribution of the bubble in-
doced welocity gradient im the armmuthal momentum

exchange:
AV, Lﬂ(ﬁ) - ctarr [VaVe '-‘o]_
Vo Wy har Ay Uy Va

Mear the mmer cylinder, at r=—0375, expenmental datz*
show that

With this approximation, the bubble induced azimuthal ve-
locity can be expressed as

M-’ 1 3k ar ﬂ-",— Vil

'I-l’.u 1-a7 . 4d, E-',u Vo

The validity of the “two-fuid™ approach can be checked im
Fig. 5. AVIVy near the inmer cylinder dedouced from experi-
mental data at r=—{0.375 shows a quite linear comelation
with respect to e gl Wg—Val/ Vi, the slope being ten times as
Ereat as
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G 5. Relstive varistion in mean aximuthal velocity ond axml diffosivity
induced by the bubbles os o fesction of void fraction and drift velocizy, nesr
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As expected from this, the shear stress can be writien as

3
ralrh =+ |ﬂ—t'—

4,7 U,
Va-¥o  o(Va—Vo) ey ]
X[W’T_ ar dr (Va—Va |-

The wall is expecied to play a mepellemt role for the
bubbiles;" the void fraction at the inner cylindar wall is thas
considered as neglipible, whereas the radial gradient of the
void fracton has a significant positive valoe. The expression
of the wall shear stress yields

Ik R; deeg
34?_ {VE—VD];,..;‘. ‘3}
Taking into sccount that the bubhle velocity is less important
than the liguid velocity near the inmer wall, the wall shear
siress appears o be greater than the ome obtained in single-
phase flow. Thazs, a higher valoe of the void fraction near the
inner cylinder is expacted to lzad to an increase in the shear
stress. The “bubble induced™ woll shear stress determined in
the outflow from Eq. (3) s reported in Table 1. Mote that it is
umdderestimated in ventilated fiow becase the contmbution of
submillimetric bubbles is expected to play o role in the very
mear wall region.

The bubble induced wall shear stress contribuies (o in-
crease the production of turbulence near the wall. For the
axinl velocity component, additional turbulent Kinetic energy
wis observed in the entire gap.’ As it has been shown in
single-phase Aow,'” that the turbulent axinl diffusivity
Dy expands linearly with the axial wavelength, the relative
variation in diffasivity can thos be roughly estimated
following

ADy a.h+ﬁwn

Dz hy Wmsn
Wi 15 the rms axial velocity component measored near the
imner cylinder in the outflow region. A0z D, is displayed in

T = Tull =

Fig. 5 as a fumction of both the global void fmction in the
outfiow and the void fmction in the core of the vortices. It
can be seen that the diffusivity is proportional to {2ee e
— e}, N Bgreement with a quasifinear growth of wg, with
opnoe 7 (da/drly, in the ootflow and a linear dapendence
of & with {epne— Eome)- Hence, bubbles localized near the
wall in the outflow megion are supposed io increase the axial
diffusivity, whereas baubbles captured inside the Taylor vor-
tices are expecied o reduce thiz quantity.

To conclude this Brief Communication, for the bubbly
Taylor-Cowette flow in the quasiperindic end in the weakly
turbolent regimes. it is demonstrated that modifications in the
flow patterns depend oa the bubble location in the gap, ac-
cording to their size and thai they are comelated with the
local void fraction. For bubbles focated near the wall, drift
velocity is responsible for the homogenization of arimuthal
momentum in the gap and the increase in the wall shear
stress. This i in agreement with resnlts expectad in fows
where bubbles injected outside the boundary layer bring
closer to the wall snd exhibit a void fraction peak. As a
conchusion, bobbles localized in the outiow region contrib-
ule to imcrease the axial wavelength and io develop turbo-
lence by shear indoced turbulence. Um the contrary, bubbles
trappad in the core of the Taylor vortices are expected to
stahilize the fiow and increase the vorticity.
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