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Two-phase Couette—Taylor flow: Arrangement of the dispersed phase

and effects on the flow structures

H. Djeridi, C. Gabillet, and J. Y. Billard
IRENmy, Institut de Recherche de I'Ecole Nurvale, Lawveéor Poulmic, 20240 Brest Naval, France

This stady investizates the mutual inferactions between a confimaous snd a dispersed phase
(noncondensable or condensable) in the well-known Couette—Taylor flow betwesn two concentric
cylinders at low Feynolds numbers, where the outer cylinder is immobilized In this experiment, the
turbulent souchmes tske place progressively. The noncondensable dispersed phase (air) is
introduced either by ventilation, generated by agitation of a free surface sitoated at the top of the gap
between the two cylinders. The condensable dispersed phase is generated by cavitation due to a drop
in pressure. Compansons are made between the single phase flow patterns and those observed in
ventilated or cavitating flow. Twe particular arrangements of the dispersed phase are experimentalty
evident, according to the Feynolds mumber of the flow. For low Feynolds mombers, tobbles are
trapped in the core of the Taylor cells, whereas they migrate to the outflow repions near the inner
cylinder for higher Reynolds mumbers Assessment of the forces applied to the bobbles and
compuiation of their equilibriom position can act 25 a base in describing the bubble captore. When
tubbles are located near the wall in the outflow region, it is found that the three first instabilities are
soongly influenced by the dispersed phase. The cavitating flow is also characterized by an earlier

L INTRODUCTION

For many years, bubbly flows have received a great deal
of attenfion in order to achieve a better understanding of the
findamental mechanisms of mirmal interactions between the
dispersed phacze and the liquid Sow stuctore. This is the case
in many practical sitetions, such as the diffusion and trans-
‘port process in centrifugal extractors or petrolenm enginesr-
ing systems.

Dme to the extrems complexity of bubbly torbulent
flows, mamy suthors have become interested in smdying the
‘behawior of noncondenssble bubbles in 8 wortex srrange-
ment Particular emphasis has been placed on the role of the
coberent stuchmes on ansport and the caphoe of the
‘bubbles.'~' Further results estsblished by numerical
simmilation* showed the modifications induced by various
sized bubbles on a single vortex in a vertical plane mixing
layer.

The inferactions between bubbles and wortex arange-
ments have been experimentally analyzed in the academic
Couette—Taylor flow. Shiomi of al.® performed messure-
ments in 3 concentric ammlus for torbuolent regimes. The
abbly flow was obtained by the injection of a gas—liqud
mixture at the bottom of the spparams. In the aforemen-
tioned study, mberest was focused on the comelation between
the volometric fluxes and the rotational speed of the inner
cylinder, describing three main flow patterns: dispersed bab-
by flow, ring form, and spiral flow. However, the effects of
the dispersed phase on the fnrbulence characteristics of the
fiumes. Atfkhen er of® analyzed the properties of the two-

phase sir—water turbnlent Couette—Taylor flow. They clearly
showed the particular features of this flow and described how
air bubbles place themeelves within the vortex patierns. They
conchoded that sir bobbles remain siteated along the owtflowr
streamlines and represent a good tracer in order to describe
the high Reymolds flow. Nevertheless, in their experiment
free surface limits the interpretation of the results, and par-
ticularly unclesr is the effect of the dispersed phase on the
tarbulent fiow stroctores. For smaller Feynolds mumbers in
the wavy vortex flow (WVF) regime, Djéridi ef al.” con-
ducted experiments in a8 venfilated Couette—Taylor Sow.
Bubbles, penerated by overmmming breaking waves on the
free surface at the top of the zap, are rapidly driven from the
upper io the deepest cells of the apparatus, despite the baoy-
ancy forces. For very low Beynolds mumbers, preliminary
results show that there is no sensitive effect of the non-
condensable dispersed phase on the liquid fow pattems.
These resnlis give rise to tTWo questhons:

(i) Are there any effects on the Couetie—Taylor flow pat-
terns, due to the infroduction of 2 noncondencable dis-
persed phase, for larmer Reynolds mmnbers?

(i)  For the same range of Reynolds mmmbers, what sini-
larities, if amy, are to be found between noncondens-
sble and condensable dispersed phase effects on these
fow patterns?

A two-phase Counette—Taylor flow is experimentally in-
vestizated in this paper, with either air bubbles generated by
venfilation, or vapor bubbles generated by cavitation In the
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Couette—Taylor flow, the ransition from laminar o trbualent
How ooours thronghowt 3 sequence of well-defined instabili-
fes. The focns in this smdy is placed on the identification of
the mteractions of the first three instabilities with the dis-
persed phase as they oconr smocessively i the flow. The
present paper is organized as follows. In Sec. 1T, the experi-
ments] setip and messoring techniques are outlimed Section
I fiocuses on visualizations of the dispersed phase and mea-
surements of the fow propertes, with and without the two
types of dispersed phase. Section IV deals with the results. In
the Appendix we describe the basic equations wsed to deter-
mine bubble equilibrium positions i the Couette— Taylor ap-
‘paTafus.

IL EXPERIMENTAL SETUP AND MEASURING
TECHNIGUES

A. Experimental setup
The experiments were conducted in a vertical circular
Couette apparatus. shown m Fig. 1, having an inner cylinder
of 30 mm radms, K;, an outer fized cylinder of 35 mm
radins R,, and a fotal height L. of 110 mm The rotsting
angular velocity of the mner cylinder i= denoovmated {17,
The gap, d=R,—R,, 15 equal to 5 mm. The Beynolds nom-
ber
2=R 4
e
can be vaned by changing the rotagon velocity of the mner
cylinder or the viscosity of the finid for that purpose, differ-
ent glycesol-water mixtures were used Taking into accoumnt

Radies ratin =R, Ra LEST
Clearncs o o B .16
Boundery coenditions Uppar Fr surface
Liramr Rigid fxad plais
Ligpeid bight I Vanfitated confgmation 100 mm
ing confizeration 110 mm
Aspect min I'=Lid ventilated fioar 0
I'=Lid cavitating flow i}
Critical Reynolds momber — Tarylor vortex Sow (TVE)  Ray =101
Wary woriex fiow (WVF)  Rag—1384
Modnlawd wavy Fo =103
vortex Howr
(MUNVF)
Nt of the fnid Fhuid kinomatic Eoynolds
visoosity 26 “C mmber mngs
IO WRer— r=1138 <5 25 RaReag <8
shycarod £3%
mixinre wbar— r=17c8 10 RaRa, =23
Ehroamal Tt
mikture WHer— r=3257 8 i Py ]
shyroarcd 80%:

the relative wmcertanty of the peometric dimensions, the vis-
cosity estimation, and the rotational velocity described in
Diéridi @ al,” the Feynolds npumber can be estimated o
within sn sccurscy of 19%—2%. In order o modify the pres-
sure reference the apparatns was enclosed in an airhizht
Plexiglas vacuum tank which for visnalization purposes was
equipped with three ransparent walls.

Values for the apparates parameters and the oritical Bey-
nolds mmbers corresponding to the three first mstsbilities
are given in Table I It iz a well documented fact that the
puely amomthal flow in a circular Couette apparams will
develop a Taylor vortex flow (TVF) simation, beyond a crit-
cal Feynolds number Fe =102, where superposed counfer-
rotating cells, with a heipht theoretically equsl to the zap,
will appesr in the entine length of the apparatus ® Thess cells,
independent of the sngulsr position, are known as the first
Taylor instability. When the angular velocity is increased, a
mmmﬁmmmemm
flow regmme and characterized by the superposibon of an
azimathal wave oo the imitia]l cells, this instabality is given
for Rie,=138.4. At higher Reynolds mmbsers, this arimuothal
wave 5 modnlated by 8 second wave mode, leading fo a
spatizl flamening of the WVF, this kind of regime, called
modolated wavy wvortex flow (MWWVF), appears at Re
=1023.

The evolution of the state of the flow is known to depend
largely on the way that the comesponding Feynolds pumber
is reached"” and extreme care was taken to observe the same
start up procedores for each test, thereby obtaiming the best
Line of comparison. For 2]l confisurations, particular stten-
tion was paid o limiting the valee of the acceleration of the
rotatonal velocity (less than the threshold defined by Lim
arai"') in order to ensure thar the described pattemns wene
not due to amy “histery effect™ of acceleration



1. Ventilated fow procedure

Dwme to its design, the bottom of the flow domain is a
fixed wall and the top boundary of the liguid is an ordinary
free surface in the snnulus. With an upper fiee surface, the
natural ventilation of the fiow can be obtmined with a suff-
ciently high rotting speed of the inner cylinder. In fact, for
an angular velocity larger tham 13 1ps (comesponding o a
redured Feynolds mumbers range FeHe,., between 2.5 and
4.5), bubbles are generated, at the crest of the overmrming
‘bresking wave, and drawn into the liquid. In this condition,
air is sucked from the free surface into the liquid Bubbles
are sccessively wapped by the Taylor cells along the height
of the apparams. Experiments were conducted for the Rey-
nolds numbers ranze, commesponding to the first three insta-
‘bilities (ReFe.<20). For a large rotating velocity come-
sponding to the weakly trbulent flow, the free surface was
excessively deformed. Therefore, it is not possible to disso-
ciate the dispersed phase effects from the effects induced by
the top boundary change.

2 Cavitating flow procedure

In order to observe the cavitstion inception it was mec-
essary to avoid ventlating the free surface, the liquid level in
thiz case was prester than that set for ventilated flow (I
=22 instead of ["= 20). The rotating inner cylinder was then
no further air bubble zeneration. It must be pointed owt that
the comesponding minor imTease of anmmlus length had no
consequence on the Reynolds number for the wavy vortex
flow regime iransition Fe.,. Moreover, no significant differ-
ence was observed either in the single phase velocity profiles
or in the spectium betareen the ventilated and cavitating con-
firuratioms.

T generate cavitation, the average reference pressure P,
of the tank, ranging from 1000 to 107 Pa was modified by
using 3 vacuum pump and meassured with a sensor of an
absobote acouracy of 200 Pa Progressive decrease in the
pressure was conirolled by monitoring the leak rate with a
valve. The accuracy of this valve allowed pressure adjust-
ment by about 100 Pa. To identify the cavitation inception,
the mesn pressure of the entire spparaias was slowly de-
creased at a fived rotational velocity of the imner cylinder
cavitafion inception can be gquite different depending on
‘whether the sppesrance of the first babbles or the appearance
of orpamized cavitating bubbles is taken imbo account. Detec-
fon here was based on vismal observations umder sirobo-
peared near the bottom of the apparams, the criterion of
cavitation inception in the Counette—Taylor apparams was de-
termined by the observation of the first constituted bubbly
ring in this region.
of the testing finid ** it is of major importance to puarantes
preferred to tap water and testing fwid (ghycerol-water mix-
fure) was systematically replaced between two tests. Vapor
pressure of glycerol is several orders of magnimds lower

than that of water. Comsidering that the more volatile com-
ponent of 4 mixiure is the first to evaporate when pressure is
decreased, the vapor pressure of the water—glycerol mirctore
is tsken as the valoe of the water vapor pressure at the op-
erating temperature (2400 Pa at 20°C).

For the simultanecus velocity measurements and flow
vismalizations, the water phase was seeded with microscopic
particles. Taking into account the chosen criterion for cavi-
tation inception and the small discrepancy due o the visual
determination, experiments conducted with and without par-
ticles prowed that the cavimtion inception is not siznificantly
affected by the presence of microscopic nentrally buoyant
particles.

B. Measuring techniques

A two-component, three-beam LDV Dantec system was
used to messure arinmthal and axial velocties. The system
was operated in backscattering mode and was coupled with
two Damtec enhanced burst spectrom analyzers. The largest
dimension of the measuring volme (40 pmx<40 pm
500 pm) comesponded to one temth of the zap. Extrems
care was taken to determine the position of the measurement
vohome within the zap, taking account of the deviation of the
beams through the outside cylinder. The deviation was duoe o
the refractive index variation and the particular geometty of
the interface. The velocities were measured according to a
refined zrid in the gap. The isevelocity contours presented in
the following sectons were obtained over a measurement
grid of 651 points with a (.25 mm spacing in the radial
direction and 3 0.5 mm spacing in the axial direction |come-
sponding, respectively, to 00054 and 0.14). In order to quan-
tifyy the impact of the azimuthal instability, a spectral analysis
was performed on 3 tme series of sigmals in the gap for
different Feynolds numbers. The data rate, 3 kHz was sof-
ficiently high for the above LDW measurements, compared
to the characteristic frequencies of the flow. The mndom sig-
nal was resampled at equidistant intervals of time, using a
sample-and-hold interpolation method, to preserve the amplhi-
mde mformation, before applying a fast Fourier transform
algorithm
. RESULTS

We examine the gas/vapor phase armrangement in venti-
lated and cavitating flows. The effects of the gasvapor phase
on the souchores of the Cowetbe—Taylor flow are shown
through a quantitative imvestigation of the ligmd wvelocity
erately combined, in order to highlizht common points and
differences.

A_ Gas phase arrangement
1. Venfilated fow

Figure 2 shows the particular gas phase patiern for dif-
ferant Reynolds mimbers. BaBe =35 and 4.5 [Figs. 2iz)
and 2{b)], referring to Djéridi of al” The bubbles produced

by the agitation of the free surface are captured by the orza-
nized structores of the flow (Taylor cells) and are arranged
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glonz the spparent arinmths] waves, like smings. These
smings alternate vertically at distances of 084 and 1.24.
Along each wave, individual spherscal bubbles are armanged
& if queuing betwesn elongated clouds of azziomersted in-
dividnsl sphericsl bubbles. The largest bubbles are at the top
snd the smallest at the bottom In Fig 2(c), for BeBe,
=11, the aspect of bubble rmgs is different Here, we ob-
serve the formation of a gas filament localized near the mmer
wall of the sppamtus in the outflow regions. This kind of
confisretion was observed m situstions beyond reduced
FReynolds mombers BaRe ; betwesn 7.2 and 7.5.

2 Cavitafing flow

The vapor phase armangements are shown in Figs. 3{3)—
3ic) for different redoced Reynolds nombers and for an am-
‘bient pressure of sround 2300 Pa. When the pressare is pro-
gressively decressed, for a3 fimed rotatiomal welocity
comesponding to the TVF regime, only upward-raveling
‘tabbles sppear, povermed by the buoyancy force, and no de-
veloped cavitating regime can be attzined On the other hand,
for the WVF regime and a sufficient rotsrional velocity, the
‘pressure drop leads to the sppearmce and capure of bubbles.
Instesd of 8 filled vapor mbe a3 cam be observed im other
Ekinds of cavitating vortices, the vapor phase is organized like
strings of individual bubbles. As observed in the ventilated
fiow, trabbles are alipned slong the srimmuthsl weves, in the
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core of the vorfex stmoctures, with alternating distances o,
and d,, respectively, equal to 1.24 and 0.84 for EeFe,
=35.

These distances change progressively as the Feynolds
mmber incTesses, d; becoming larger and o smaller, wp to a
point where the bobble rings fiuce in the outfiow regions near
the mmer cylinder beyond FeFe , which is set betwesn 7.2
and 7.5. Ag this final smte, the bubbles have an elonzated
shape They are more dispersed slong the azimuthal waves,
constitufing targer fngs. This configuration can be observed
in Fig. 3{c) where BeRe.,=11 as m the ventilated Sow re-
Eime.

B. Effects on the flow structure

To provide an acourate velocily messurement of the hig-
wid phase with classical LDV, the messurements in radial and
axial directions were performed at BaBe_=10. Indeed the
localization of & vapor/gas flament near the innet wall of the
spparafus, W cavitEting or venfilsted confisuration enables
Liquid velocity measurements elsewhere in the gap. For the
lower Reynolds pumber range. when bubbles are srmanged
zlong the szimmthal wave like strings pear the core of the
Taylor cells, in cavitating or ventilated flow, the LIVV signal
can be affected by the signatore of the bubbles. In thess
conditions, only a3 specirsl analysis was performed on 2 se-
ries of signals in the fiow region where no strings of bubbles
were evident
1. Ventilated fow

Measurements were perfoormed in the WWF regime. In
single flow, it 1s well known that this regime is characterizad
by an szimmthal wave of fimdamentsl frequency @, (normal-
ized by the velocity of the inner cylinder {1,) equsl to 1.66.
In Fig. 4 this frequency is reported as 3 function of FeBe,,
ranging between 2.5 and 5 and for single amd ventilated
flows (comesponding 0 an smanpement of soing-like
bubbles located i the Taylor cells). This nondimensional
frequency remains clearly unmodified by the presence of the
gas phase In order to clanify a possible modification of the
fow stuchore, 8 more detsiled imvestization was condmcted
for Befe, =3.5. Under these conditions, Fig. 5 presents the
spectum of the axial velocity performed m zingle phase fowr
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[Fig. 5(a)] and in ventitated Aow [Fig. 5(b}]. On both spectra,
only one findamentsl ray of frequency @, was obsenved,
mdicating that the gaseous phase has no effect on the Sow
strocture for low Reymolds numbers in the WVF regime.

Let us consider now the case where bubbles are sitted
in the outflow regions near the mmer cylmder Figures 6(z)
=nd G(b) present isocomtours of adal velocity in both the
ventilated and the single phase WWF regimes st BEeRe,
=10. The evolonon of nondimensional axial velocity, mor-
malizad by »/d following a linear increment s displayed m
the (x,z) plame for a nondimensionsl radisl position x
=p/d — (R,+R,)2d. Figures Gla} and &(b) give an ex-
smple of the positve and negagve components illnsirating
the well-known Taylor vorex souctore. At ReBe =10, no
noticesble imfluence of the gaseous phase is evident om the
nondimensional wvalue of the axial welocty. In the single
phase flow, the axial wavelength b, equsl to 2, is defined as
the axisl leneth of 8 pair of counter Totating VOITGCES | Squive-
lent to 2L/n, where L is the height of the fiuid column and n
is the mumber of Taylor vortices). But, at the same Reynolds
oumber in the ventilsted fiow [Fiz. 6(b)] the mdal wave
length is found to be mmch lasger than that of the smgle
phaze flow (exfended some 45% with the valoe of 2.84).

As 3 result, the stacme of the fiow is modified by ven-
tilation somewhere n the interplay for ReFe,, batwesn 5
and 10. Spectral analysis was then performed om the axial
velocity compoment st Re/Be ,=7.5. For this configumtion
the dispersed phase was simated m the owtfiow regions near
ventilated flows in Figs. Tia) and T(b) show that the normsl-
ized azimmthal wave frequency w; characterizing the WVF
regime i5 Teduced to 1 by the gas phase. The mam point is
that no other fundamental frequency is intoodoced m the two-
phase WVF. Mevertheless, complementary stroboscopic mea-
surements show that the asseciated wave mumber m; , shifis
from 5 to 3. Therefore, the phace velocity defined as | 'm;
remains the same in single phase and ventlsted flows and is
equal 10 0.33. As a comclosion, for large Eeynolds numbers
in the WVE, the inroduction of the ventilated phase leads
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a change in both the sxial wavelensth and the sesmsthal
wave number

2 Cavitating fow

The evolution of the normalized azimuthal wave fe-
quency o, and szimuthal wave momber m; were messured
under stoboscopic lighting snd are presemted in Fig. § ac-
cording to the Reynolds mmmber for the WWVF and MWWVE
for both single-phase flow and cavitation conditions. In the
single phase flow, two discontmanties of the azmunthal wave
frequency are observed for reduced Feynolds mombers of
105 and 16. These discontinmities have already been de-
scribed by Fenstermacher gt ol The previeuos suthers fi-
oused on the fact that these frequency shifts comespond o 2
modification of the wave pumber as shown in Fig. 8. For
cavitation conditions, the modifications of the frequency and
wave number oconr earlier for reduced Feynolds nombess
equal o0 7.2 and 13. Mote that cavimtion, obtained sither by
decressing the pressure or by mcreasing the inner cylinder
rotational velocity yields the same results. As in the vend-
lated regme. for a low Feynolds oumber ramge 35
< ReRe, <7, the azimuothal frequency remains unchanzed m
the presence of bubbles and equal to 1.66. Cavitation has no
significant nfluence on the phase velocty ) /m m to a
reduced Feynolds mmnber of 7, and eqoalks 0.33 (vale ob-
served by Coles™ and Shaw er al ™ in single-phase flow).

LSpectra are presented in Figs. T{a) and O, respectively,
for single-phase flow st ReFe =75 and for cavitating Sow
at ReBe =72 (Pe= 300 Ps). For the cavitating flow, a

ized wsing 3 stoboscope o freeze the azmmths] wave, the
onsat of the MWVF being characterized by the periodic fat-
tening of the vortex outfiow boundsry. In the cavitating re-
pime, this phenomenon was observed beyond a3 reduced Rey-
nolds between 7.2 and 7.5 mstead of the nsnal ontical value
of 10.5.

In Figs. {a)} and 10, isocontours of axial velocity are
plosted at ReBe = 10 for the single-phase flow and the cavi-
tating flow (Pe= 2500 Pa). Messurements show chearly tha
the awis]l wavelength is mcressed by 25% with the vapor
phase (254 rather than 24 in the single-phase fow).

In conclusion, cavitation lesds to an early appearance of
the third instsbility, a premsnme chanee in the second msts-
bility”s azmuthal wave mumber and an indTease i the axial
wave length

w
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FIG. 9. Spectrem obtained 2 FoFe =71 for cavitating condition a1 Pa
= 3000 Pa.
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FIG. 10. hecontowrs of the mdal welocity compomnant at Fo'Ra,, =10 for
caviatmg conditton at Pe=2500Pa

N. DISCUSSION

A. Behavior of the dispersed phase: Passive or active
tracer?

To answer the above question, we need to tzke a close
look at simdlarities and differences observed in the flow ac-
cording to the Reynolds mumber both for single- and mo-
phase flows.

For BeBe,.,<7.2-7.5, both for ventilated and cavitating
flows, the visualizations show that the bubble stmings are lo-
cated m the core of the Taylor cells snd that the comespond-
mg =xial wave length is not altered by the dispersed phase.
Moreover, the presence of the bubbles does not lead etther to
the mireduction of another fimdamental frequency or o the
modification of the azinmths] wave mumber. For this Bey-
nolds numbers range, the dispersed phase can be considered
a5 8 pAsSive Wacer

Om the contrary, for ReBe =7.2-73, the visnalizanons
show that the dispered phase migrates to the outiow re-
creasad and the azinmithal wave frequency is decreased but
the mensition from WVF o MWVE, charscterized by the
appearance of 3 second fimdsmentsl fraquency, does not ap-
pear earlier than in smple-phase flow. In the cavitating re-
gime, the same tendencies are observed conceming the amal
wave length snd the smnmthal wave frequency but the fran-
sition from WVF to MWVF appears earlier. We can then
conclude that, for FePe.,=72-735, the dispersed phase is
an gctive tracer both for ventilated and cavitating flows.

B. Analysis of the dispersed phase amangement
In order to understand the bubble capiure in the Taylor

cells, it is necessary o analyze the force budeet applied to a
‘tobble. For 3 low Beynolds momber mange m the WVF 12~
mime (4 5<ReRe < 7.1), the dispersed phass is considerad

a5 3 passive iracer. Thuos, the bubble eguilibrmum positons
can be determined analynically in the mndistorbed flow. The
mxial and radial velodities from the Dravey’s expansiom
ﬂhauf‘{emdndml&@erRE}mﬁsm scoording o
mmnmls”},aswdiasanuperimmlmdialyo—
file of azimmurhal velocity, were implemented to calowate the
bubbles” equilibriom positdons. We considered the azimmuthal
wave 23 if it were frozen and the fow as if it were stesdy and
{ independsnt.

The equation that povemns the bubble moton is given by
the balsnce of forces acting on the bubble:

3 i
ATy o o fd
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DV
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where the differemt terms on the left-hand side represent
drag, pressure gradiemt added mass lift, aond woyancy
forces, respectively, all the while ipnoring the bubble inestis.
In this simple model inferzcions between the bubbles are
iznored smd bubbles are comsidered as isolated sphesical
bubbles of radius ry . g, is the liguid density, g the accelers-
tion of gravity, V,, the bubble welocity, and Vy the liquid
velocity at the center of the bubble. The different forces are
expressed in the cylindrical coordinates system i the
Appandit

In the presemt smdy, the Reynolds mumber Be, of the
bubble is lower than 10, and the expression of the drag co-
efficient has been defined by Magnedet ot ai.:*

16 W —Vii2r}
Co=gg (1 +0.16R") for ne,=‘T’{".

2

The added mass coefficient £, is taken as equal to ifs stan-
dard value of 0.5 given by Amon '

Concerning the lift force, we faced three parameters of
influence: the bubble Feynolds mamber, the vorticity, and the
sirain. In our case, the bubble Feynolds momber is very low,
the: vorticity is high and the strain is not to be disconnted. In
thase it the review of the literamre shows that de-
veloped models'* were not entirely suitsble to gur reqmine
ments. We, therefore, opted for Anton's formmilstion with a
comstant coefficient and we tested a larpe range (0.5-3) of
close to each other (maxims] relstive difference m the
z-equilibrinm positon of 10%a).

To compute the tubble equilibniom positions, the veloc-
ify and sccelerafion of the bubble in the (r 1) plane wese set
at zero (u, =0, w, =0, duy (dr =0 dwy /dt =0). i we con-
sider that the tubble velocty in the azimuthal direction is
steady (dv, /dr=0), the azmmuthal drift velocity is dedaced
from the azimmthal balance of the forres. This drift velocity
component 1 expected to be small and results m
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By mjecting this azimuthal drift velocity in the radial and
axial force tudget, bubble equilibriom positions were deter-
mined The linear dynamical system of the motion of the
bobbles nesr their equilibrinm positon was then expressed
&5 3 mairix product. The determination of the Jacobisn ei-
envalnes, which heve nepative real pars, led to the deter-
mination of the stable equilibrium positions. This system is
described in detail in the Appendix.

Fimme 11 represents the computed equilibrimm positons
in the gap for & 1 mm bubble, a reduced Reynolds nommber
FeFRe =45, and 3 mixtare of 20% water and B0% sglycerol.
The distance between two consecufive bubble rings is alter-
nately &, and 4, as previously quoted in the description of
the experiments As expected these positions are located
near the core of the cells on both sides of the ontflow rezion
The estimated aximmthal drift velodty 15 smaller than 1% of
the ligquid azimmthsl velocity, leading o a small Weber pom-
et

2

WPHL_*“_D&, @
: being the surface tension of the gas/contmuous, vapor
contimuous phase. The maximuom vale of We is of the order
of 0.1%, comesponding to the observed sphesical shape of
the mapped bubbles.

These theoretical alternating distances were calcnlated
for different Reynolds numbers, and then compared to the
experimental results observed using 3 mixture of 20% water
and B0%% glycerol These aliemating distances are piven i
Fig. 12{a). We notce that the computed resalts do comfirm
the observed distances between the tubble mmes. Neverthe-
less, it 15 of note that the computed equilibium positons are
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computed vahes (i0,=10.3); (b} with tobbls mdim, for BEaBo,, =48 (com-
puted vabses with ,=1.5).

not as sensitive fo the retational velocity of the mner cylinder
a5 was observed in the course of this expermment. This can be
mainty explaimed by two reasons related to the estimation of
draz and lift coefficients. First, had we taken imto sccount the
vorticity in the expression of the drag coefficient ! the drag
force would have increased In fact, the axisl component of
the drag force bromzht bubbles nearer the outfiow regiom.
Secomd, at the equilibrium positions near the core of the
Taylor cells, the main contritution to sirain is the azinmthal
flow. Had we taken into account this significant contribution
in the fornmlation of the lift force, both the azinmthal drif
velocity and the radial equilibrium positions, 85 well as the
r-equilibriom  positions would have been gquamtified moge
precisely.

The previous calculstions were performed for 3 1 mm
bubble, but it must be pointed out that the dispersed phase
was constifuted of different bubble sizes. For Be®e. =45
using image processine, 4 bubble size range was determinad
between 0.1 and 1.5 mm Figure 12(b) illustrates these com-
puted alternative distances in relation to the bubble size The
bubble size merease leads to a displacemant of the computad



stable equiibrum positions to nearer the ouwtflow regions.
Therefore, if 3 ontical babble size is surpassed, equilibrium
positions no bonger exist in the core of the cells. From the
experimental results, this modification of the equilibrium po-
sitions commesponds to an chserved mipration of the bubbles
towards the inner cylinder in the outflow regions. The com-

Dme to the active behavior of the dispersed phase for the
larper Beynolds number ransze comesponding o migration,
0o calouladon of the bubble ajectory or lecation is available
Tt we shall now focos on the phenomenolopy of the migra-
0N pTOCess.

For those Reynolds mombers, the flamenime of the am-
mathal velocity profile induces sn increace in the radial gra-
dient of azmmithal velocity near both cylinders. Those higher
velocity gradients will be at the origin of =n increase in both
the azimmthal drift velocity [see Eq. (3}] and the radial Lift
force (see the Appendix). This force is directed towards the
mmer cylinder and will indwce displacement of the bubbles®
equilibrium positons. Finally, no sable eguilibriom posi-
tmons are found near the core of the Taylor cells and bubbles
miprate o the inner cylinder in the outflow region The in-
rease m the azmuthal drift velocity is thousht to be respon-
sible for the bubble deformation as expenmentally observed
m this region of the fow.

C. Analysis of the interaction mechanism

The gaseous or vapor phase gives rise to fow modifica-
tons when the dispersed phase migrates o the outfiow re-
gion in the regimes of the second and third instsbilides. In
this casa, interaction between the liqmd phese and dispersed
phase is chamcterized by mn increase in vortex axial length
and 8 chanpe in the state of the Aow for the WVF regime.

In the present expermment, the mboduction of the dis-
persed phase is likely to induce a modification of both aver-
ape density and viscosity, this modification being effective i
the zone where the dispersed phase is located Thus the mi-
gration of the dispersed phase imto the outfiow region near
the mmer cylindsr leads to a radial discontimity of both den-
sity and viscosity. When conditions were such, insmbilities
‘were boosted. Renardy and Toseph™ numerically highlishted
that the Couette—Taylor fiow is more stable with a thin layer
of less viscous or lighter fluid neect 1o the ioner cylinder than
with the less viscons or lighter finid newt to the omter cylin-
der As the dismibution of density and viscosity are simdlar,
even though laws of evolution of both quantities are not the
same some other mechsnizm nmst be mvolved o explain

These imterzcions betwesn the bguid phase and the dis-
persed phase are partly characterized by a distortion of the
Taylor cells ilustrated by an mcresse m the axial wave
length, in both ventilated and cavimting fows. The same
trend was observed by Gopalan and Eatz* They show that,
under certain conditions, even with few enirained bobbles at
very low void fractons, the core of laminar, ransitional. and
murtmlent vortices is elongated and distorted. Similar bahan-
for is obtzined in the mumerical srmlstion of the mixine

h}u,‘byhighlighﬁuglhemleﬂfﬂumsidumeﬁmenf
bubbles in the vortex core and the nfinence of the bubbles
accummlation in the vortex

Taking into account that the size of the Tavlor cells was
not modified when bubbles are rapped incide the cells, the
residence tme or scoumulstion effects can be discounted In
fact, the elongstion of Taylor cells appesrs when the bubbles
are located i the outfiow regicn nesr the mmer cylindsr. It
can be deduced that the babbles migration process induces a
chanze in the liquid radisl velocity and thos a change m the
zize of the cells. This leads ns to believe that momentmm
exchange between the phsses explaims the observed flow
modifications. In the venfilated fow, the inoease i the Tay-
lor cells size can aise be explained by the axial fox indoced
by the bubble migration fom the top o the bottom of the
apparaas, @5 is observed in 3 single phase Coustie—Taylor
flow when an mrial fiux is superimposed *
phase are also characterized by an esrhier appesrance of the
third instability, particolarty for the cavitsting fiow. Let us

Compared with the ventilated regime, early evidence of
presence of the vapor phase Thos, the cavitadon phenom-
on those existing in the single phase flow However, vapor
interface instabilities are characterized by mmch higher fre-
quencies than those foond in the fow. Therefore, this type of
instability mmst be discounted as an explanation of the earlier

In singie phase fow, the ansition to the third mstability
is accompanied by 3 steepening of the velocity gradients at
the mmer and cuter cylinder. It comesponds to an increase
radial transport of fiuid arinmths]l mementom from near the
inner wall owrward fo owtflow Tegions between vortices
Therefore, the mansition o the third mstability a2 smele-
phacse fow is undoubtedly linked to an indTease m the local
wall shear streqs. There is oo reason why the same should not
be in the Cowette—Taylor two-phase fow when bubbles are
located near the mmer cylmder In a two-phase flow, when
bubbles are located m the mear wall regions (in a vertical
upward pipe flow’ or in & horizonral bommdary layer with
bubble ijection at the wall™), wall shear stress is known o
be greater than that obtained in the single phase flow. This
behavior is linked to bubble drift velocny and especially o
the void fraction concenfration near the wall

Taking imto account that bubble size snd dynamacs are
similar in the cavitating and wentilated Coustte—Taylor
flows, the advanced mransitiom o the third instability ob-
served in the cavitating flow can be explaimed by a higher
void fraction. Dwae to the small dimension of the apparames,
o mtrusive measurements of the local void faction were
possible However, imeage processing based on a8 sezmenta-
tion method” gave a quantimtive ides of the plobal void
fraction in the gap. At Ra®e,,=7.5, the global void fSaction
is 12% and 17%, respectively, for the ventilated and cavitst-
ing flows (at cavitstion incepton) When the void faction
increases_ wall shesr siress is expected to be more significant
leadine o earlier fransition to a hirher order mstabilitv.



Further work is comrently in progress concermmg the lo-
cal determination of void faction and bubble drft velocities
with fiber-optic probes and the determrination of wall shear
stress with a hot film probe im 2 larper Coustte—Taylor
Spparatus.

V. CONCLUSION

This shudy provides the evidence of mumal inferactons
between the instabilites of the Coustte—Taylor flow and a
noncondencable (ventlated fiow] and condensable (cavitat-
g flow) dispersed phace

For a low Eeynolds muombers range (15-<HeRe
< 71-7.5), the dispersed phase mkes the form of bubble
rings agrlomerated in the wvicmity of the Taylor cells core.
The dispersed phase behaves 2z a passive macer The axial
wave length and smimmthal wave mumber are not modified
and there is no mivoduction of any other fndaments] fre-
qUEDCY.

For larger Beynolds mumbers {7.2-7.5<EeBe_ <20},
particular armangement of the dispersed phase close o the
imner cylinder wall in the outflow regions is respensible for
modifications in the primary instshilities. The miroducton of
the noncondenzable phase leads to prowth i the axial wave-
lenzih and change in the second metsbility s azimrthal wave
of 3 condensable phase bat this time early appearance of the
third instability is estsblished.

Diifferences observed between the noncondenssble smd
condencable phase effecs on the flow asre atimbuted to the
void fraction. Indeed in this specific stedy, the void fracton
is more significant in the cavitating flow than in the vent-
lated flow. Therefore, the void fraction and the ensuing mo-

In cooclusion these experimental results can be imter-
preted as an earty indication of mrbulence development doe
o the mredoction of a dispersed (noncondenssble or con-
densabla) phase.
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APPENDIX: BUBBLES® EQUILIBRIUM POSITIONS IN
THE TAYLOR CELLS

The forces spplied om & spherical bobble are introduced
in Sec. IVH. The dynamyical system is written in the cylin-
drical coordinate system (r.#,2).

When trabbles are trapped by the Taylor cells, their drift
velocity is reduced to its szinmthal componment ©,—U.
Eubbles behave like passive tracers with respect to the Sowr,
and their drift velocity is small In this comtext, the drag
coefficient ' is equaal to 16Fe, , allowing us to linearize the
drag force as
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For the added mass force, we obtain
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To compute the passive tubble location in the Taylor cells,
the azimmthal wave is frozen considerne the fiow o be
steady and & mdependent Under these assumptons, the
‘tubble equilibriom requires that the bobble stand motionless
i the (r,z) plane and that the azimathal drift velocity satis-
fies the equilibrium of the forces i the azinmthal direction
Tsking inte accoumt the axially swveramed azimuthal welocity
puﬁlen;,itgiﬂds

e du, do, fmﬁ_ﬂ
R e e

Ril+C.=C) vy dvg)
sy ey 0 T
Py I'.J"" I lellr'f' ar |

We now mireduce the following functons o snd g, m the
(r.z) plane that vanish at the bubbles equilibrium pesiton
Fegs Tl

ot §
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The bubble dynamical equations system in the (r.z) plane
can be expressed as follows:
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Equilibrium positions sre expected o be stable positions, on the condition that the eigemvalues of matrix 4 have a negative

real part.
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