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ABSTRACT
In industrial applications, rotating flows have bee
recognized to enhance mixing and transfer progertie

Moreover, bubbly flows are also used to improvengfars.
Therefore, it is interesting to study the effectshe dispersed
phase on the structure of a Couette Taylor flowpdExnents
are conducted for the quasi-periodic (Ta=780) dedveakly
turbulent (Ta=1000) flow regimes. Bubbles (0.03fmes as
small as the gap) are generated by agitation olupper free
surface (ventilated flow). Larger bubbles (0.15dsmas small
as the gap) are generated by injection at the mmotd the
apparatus and by applying a pressure drop (gassniisting
flow). Void fraction, bubble size and velocity, a®ll as axial
and azimuthal velocity components of the liquid are
investigated. The bubble location in the gap cleddpends on
the bubble size. Fon>0.1%, there is evidence of bubble
induced modifications of axial transfers and wdlear stress,
the observed trends being different according ® Ilabble
location in the gap.

INTRODUCTION

Flows induced by rotation of the inner of two comicie
cylinders are the basis of humerous chemical, biticaé and
nuclear applications. Because of the presence ofloffa
vortices, the mixing is enhanced and depends omulaéty of
the exchange between these vortices. This pantidldev is
also relevant for phase separation technology.dddbecause
of the centrifugal effect, any foreign materiallid®r gas, will
be ejected towards the outer or inner part of tbetices
respectively.

It is then necessary to investigate how a gasdigubbly
flow behaves in a concentric annulus whose sheddrge is
induced by the rotation of the inner cylinder, f@rious flow

regimes from laminar to turbulent flow, accordingtthe Taylor
number Ta.

Shiomi et al. [1] analysed the bubbles arrangement in a
turbulent Couette Taylor flow for 3000<Ta<25000eTiubbly
flow was obtained by injection of a gas liquid noivet (bubbles
size equal to 1/5 of the gap) at the bottom of dpparatus.
According to respective gas-liquid axial volumefiiexes, they
observe different flow patterns: dispersed bubbowf ring
form and spiral flow. Atkhenet al. [2] also conducted
experiment in a two phase air-water turbulent Ceuétylor
with a superimposed axial flux. In this experimeribr
2000<Ta<13000, bubbles were generated by the mgitat the
upper free surface (ventilation). Authors obsertbdt air
bubbles remained in the outflow regions near tineiircylinder
and behave as tracers of the flow. For very higyilaranumber
the axial wave length is reduced by 20% owing te #xial
flux. For lower Taylor numbers in the wavy vortéavf regime
(86<Ta<200), Dijeridiet al. [3] conducted experiments in a
bubbly Couette Taylor flow without superimposedadiux.

Bubbles were generated by ventilation and size was

approximately 1/5 of the gap. For this flow regira&, bubbles
generated by the overturning breaking waves at ftee
surface, are driven from the upper to the deepedices and
captured by the Taylor vortices. There is no sigaift effect of
the bubbles on the liquid flow patterns. For théstigular state
of the flow, Djeridiet al. [4] obtained similar results with vapor
bubbles generated in the core of the Taylor vostids
decreasing the pressure (cavitation). But for largaylor
numbers (320<Ta<600) in the wavy vortex flow andtlie
modulated wavy vortex flow, for bubbles of the sasiee,
authors observed a change in bubble arrangemeritbl&si
were located in the outflow regions, near the inoginder
wall. These particular bubble locations are exmbde be
responsible for observed modifications in the priyna
instabilities. Indeed, ventilation and cavitatioead to a
significant growth in the axial wave length (45 %da25 %



respectively) and a premature change in the seicmtability’s
wave number.

This non exhaustive overview shows the discrepavitdy
the previous results according to the regime of Goaiette
Taylor flow. This gives rise to the following quiests: do the
bubble induced effects depend on the bubble sizk their
localization in the gap rather than on the flowimegf? To
furnish some elements of response and completenarage
background, experiments were conducted in a buGblyette
Taylor flow for different bubble size and for undied flow
regimes. Bubbles of different size are generatdtieeiby
ventilation or by injection and pressure drop (gase
cavitation). Experiments were conducted at Ta=78Q a
Ta=1000, corresponding to quasi-periodic and weaklyulent
flows. In these conditions, what does the bubbtargement
looks like and are there any effects of the buldriethe flow
patterns? Particular attention is paid to the itEms between
the two regimes studied. To have a good insiglat iné bubbly
flow patterns,it is necessary to quantify locally the void
fraction, bubble size and velocity. Consequenty,large
experimental apparatus was especially built, ineprdo
introduce optical probes. Detailed information abie liquid
flow properties is given by LDV measurements and
visualizations. To our knowledge, here are the tfirs
measurements of the dispersed phase charactesastimved in
a bubbly Couette Taylor flow.

Bubble induced effects are evident from comparison

between the single phase flow and bubbly flow pateThe
present paper is organized as follows: The experiahesetup
and measuring technics are firstly described. Resul
concerning the dispersed phase are then presentedhd
ventilated and gaseous-cavitating flows respegtivaind
discussed afterwards. An overview of the liquidilproperties

is then given for ventilated and gaseous-cavitationditions
respectively. Bubble induced effects are then dised
according to the bubble size, by comparing theilsatl and
gaseous-cavitating flow patterns.

EXPERIMENTAL DETAILS

Apparatus

The experiments were conducted in a vertical cincul
Couette apparatus having an inner rotating cylimde€200 mm
radius R an outer fixed cylinder of 220 mm radiug. Rhe
characteristics of the apparatus are defined byrdadeis ratio
n= R/R,=0.91, the clearance ratio d/Ri=0.1 and the aspict
=L/d=44.3, the height of the gap L being 886 mmeTh
general schematic of the apparatus is given inEighe gap is
filled with a mixture of glycerol and water and thetating
angular velocity is denominate®;. The Taylor number
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inner cylinder or the viscosity of the fluid. The relative
uncertainty in the Taylor number is due to the gewin
dimensions, the viscosity and the rotational vejoci
uncertainties. The Taylor number can be estimatéd an
accuracy of 0.8%. Particular attention was paidtserving the

Ta= can be varied by changing the velocity of the

same start up procedures and limiting the accéberaif the
inner cylinder, in order to ensure the same floatest
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Figure 1: General schematic of the apparatus

In the Couette Taylor flow, the transition frommlimar to
turbulent flow occurs throughout a sequence of wielfined
instabilities. For all configurations, the criticehylor numbers
corresponding to the three first instabilities andthe weakly
turbulent flow are given in Table 1.

In order to obtain a two phase Couette Taylor flfow
different bubble sizes, the dispersed phase whsergifenerated
by the agitation of the free surface (submillimetsubbles), or
generated both by upward injection and pressurep dro
(millimetric bubbles). Due to its design, the battof the flow
domain is a fixed wall and the top is a free swafac

For the ventilated flow, the natural ventilationaktained
with  sufficiently  high  rotation speed Q; =2.45 rps
corresponding to Ta = 750 for a mixture water gtgtef 80%.
Bubbles are generated at the crest of the ovenmirbreaking
wave and driven into the liquid.

For the cavitating flow, a mixture of water-glyck6®% is
used in order to avoid ventilation. The averagezbgure, Pe, is
decreased by using a vacuum pump and measure@ \s&hsor
of an absolute accuracy of 200 Pa. A special airtipx on the
top of the apparatus was built in order to integjthe pressure
sensor, optical probes and associated traversensysecessary
for the bubbly flow measurements. In the gap, allpressure
decrease is encountered both in the Taylor vortihes to
vorticity and, near the inner cylinder, due to theation of the
cylinder. Because of the height of the water colimthe gap,
and because the local pressure decrease for theenpre
experimental device is not sufficient, it was natsgible to



obtain millimetric bubbles with cavitation of thexture nuclei

content. Therefore millimetric bubbles are injectad the

middle of the gap, through a tube of diameter g0 and

length 5 cm. This tube discharges in a cavity atlibttom of
the apparatus. In this framework, it is more judlis to speak
about gaseous cavitation, the sensitivity of thbbbe size to
the local pressure being quite insignificant (aone tenth of
millimeter). Pressure drop is used here prefestintio inject

bubbles through the tube and accelerate their tiogrdrom

the bottom to the top of the gap. Special caretadsn in order
to have the same leak rate for a same Ta.

The phase arrangement and flow pattern are desciibe
details for Ta =780 and 1000 both for the ventdatnd
cavitating flows. For this apparatus set up, Ta=g@&desponds
to a quasi-periodic flow, whereas Ta=1000 corredpoto a
weakly turbulent flow. It is therefore interestitmanalyse how
bubbles of different size (obtained by ventilation gaseous-
cavitation)and different localization in the flow can influenc
the state of the flow, in the transition to turimde.

Critical Reynolds | Flow regimes Flow Typical
number characteristics frequencies
< Taylor Vortex A=2d nec=44
43.3=Ta<49.6 Flow (TVF)
49.6< Ta<260 A=2.5d mfo, fa
Wavy Vortex m=31t0 9 for Ta>69
Flow (WVF) Neens=35 mfo=3.5Qi,
o f0o=0.3Mi
260< Ta< 700 Modulated m= 4 mfo=1.5%)i,
Wawy V. A=3.1d £=0.45Qi
vy Vortex =29 f =riof
Flow(MWVF) cells™ i=mio-T
' ;=mfo+f
700< Ta< 850 m=4 mfo=1.55Qi
A=3.1d broadband
Quasi- Neens=29 ?rr;ectrum_ of
< guencies
periodic Flow £20.44 O,
' ;=mfo-f' and
' ,=mfo+f’
Ta>860 to 120 Weakly A=3.1d disappearanct
Turbulent Neel=29 of mfo
Flow broadband
spectrum of
frequency
'=0.44 Qi

Table 1: Critical Taylor numbels is the axial wave length cds
is the number of Taylor vortices in the gap, m #hdre the wave number and
the celerity of the azimuthal wave, ' is an incoemaurable frequency)

Measurements

The main focus of this study is placed on the mcalifon
of the flow structures due to the presence of thiebkes. To
compare the single phase flow patterns with thdmseived in
the ventilated or cavitating flow, an investigatiohthe liquid
velocity fields and characteristic frequencies iade A two
component, three beam, LDV Dantec system was used t
measure azimuthal and axial velocities. The systeas
operated in back scattering mode and was coupléd twio
Dantec enhanced burst spectrum analysers. Thed liguais
seeded with micron size Iriodifieparticles. The largest
dimension of the measuring volume in the radiakdion
corresponded to 1/95of the gap. Due to the refractive index
variation and the geometry of the interface of theter

cylinder, the deviation of the laser beams is systecally
recalculated to determine the focal position of theasuring
volume. A remote mechanical positioning system,hwit
minimum translation step of fun allowed measuring the
velocity field in the (x,z) plane for a non dimemsal radial
position x, defined as x=r/d-(Ri+Ro)/2d. The pasiing
accuracy of the measuring volume in the gap isndefias
1.6 %.

Measurements in radial and axial directions of the
azimuthal and axial liquid velocity components wpegformed
for the Taylor number range Ta =750-1200. Very good
visibility of the signal was achieved with a verngin signal-to-
noise ratio. The time histories were registeredhwitdata rate
of 2500 points per 5-35 seconds. This correspomdsgample
frequency of 70-500 Hz and is sufficient to obtdia mean and
RMS values of the axial and azimuthal velocity comgnts.
The uncertainty in the measurements of the meanRW&
values is estimated to be 1%.

A spectral analysis was performed on a time seoies
signals using a sample and hold interpolation ntethefore
applying a fast Fourier transform algorithm. Thigssical post
treatment is used for randomly sampled signalsetoove the
difficulty caused by the non equidistant successtiree
stepping obtained by the LDV measurements. Spegtge
performed with a maximum data rate of 300 Hz, for a
measurement time of 470 seconds. The spectralutesalAf,
was 0.01 Hz.

A special dual fibre-optic probe was designed fois t
experiment by RBI industry. The immerged part & finobe is
made of a bent tube of 2mm diameter. The bentqgfahe tube
is 0.6mm large and 12 mm long. Each fibre has & chraped
tip of 10 um. The distance between the two tips is 1.5 mm in
the azimuthal direction of the flow. The probe @ected to
an electronic system providing an output voltaggnai
between O and 10V. The spatial resolution of theberis
estimated following the results of Cartelier [S]heT latency
length is expected to be 4pén. This is the critical size of the
bubbles to ensure a good detection.

The sampling frequency is 20 kHz for the cavitatflogv
and 40 kHz for the ventilated flow. With these fneqcies, the
relative void fraction uncertainty is +6% and +12%6r
cavitating and ventilated conditions respectivélfhe mean
bubble velocity in the azimuthal direction is detered with a
relative accuracy of +7% for both flows. For thevitating
flow, bubble chord length can be determined withekative
uncertainty of +13% whereas, for the ventilatedvBp bubbles
are too small to have a good estimation of theardHength
and size

Bubbles were detected by using a double threshiotdeo
output voltage. The low threshold enables to detida
beginning of the dewetting process. It is calculaig making
the same additional charge on the averaged volsgthat the
passage due to bubbles could be distinguished ifraise. The
high threshold enables the detection of the begmmf the
rewetting process. It is calculated for each bubhbled
corresponds to a percentage of the maximum terttigerved
in each bubble.

Whenever the output voltage was greater than ttestlold
levels, the gas characteristic function was sdt, totherwise to
0. The characteristic transit timggt of the bubbles between
the two tips was deduced from the maximum crossetaiion



function of the two gas characteristic functionsoTinterfaces
were deemed to correspond to the same bubble iif tinee
delay is found in the range [(1)ttyans (1+G) tyand, according

to Gabilletet al. [6]. The bubble velocity was determined for

each bubble detected on both tips of the probe. dhwd
length of a bubble is the length of the bubble \@dwby the tip
and is deduced from the bubble velocity and itgdeeece time
on the upstream tip. The mean bubble velocity weduded
from the average velocity weighted by the chordythrof each
bubble. The chord length distribution is used ttedaine the
bubble size distribution, following the inverse hnad
developed by Clark and Turton [7]. Bubbles locatedr the
walls of the apparatus can be elongated in the wthimh
direction by the shear flow, leading to ellipsoidmibbles. In
this case, the inverse method makes it possiblebtain the
large axis distribution of ellipsoidal bubbles, etwise the
diameter distribution of spherical bubbles is fourks an
example, the bubble distribution obtained for Te3{10in
cavitating flow, can be seen in Fig. 2.

The measurement time (50 s, 25 s for the cavitading)
ventilated conditions respectively) was limited ttne number
of samples that can be recorded by the data-atiquigievice
(1e6). For each value of void fraction and mearbbeilzelocity
that are displayed in the figures, errors corredpanto the
reproducibility of the measurement, due to the meament
time are also indicated.

The dual fibre optic probe is moved in the radiad axial
directions by a mechanical traverse system of absalccuracy

+0.3um. The probe can be immersed down 6 to 8 Taylor

vortices under the upper free surface. For theloFamange
investigated, the effect of the intrusion of thel@w on the
instabilities was investigated. There is a sligitréase of the
axial wavelength of about 4% in the upper part e flow,

above the probe. For the lower part of the floveréhis no
significant effect of intrusion of the probe, oretlaxial and
radial mean velocities. For both parts of the fl@above and
under the probe), spectra are similar with and euththe

intrusion of the probe. Nevertheless, the liquiowfl patterns
were investigated without the intrusion of the gob
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Figure 2: bubble size distribution for Ta=1000the wortices
core (calculation is performed for 273 bubbles)

CHARACTERISTICS OF THE DISPERSED
PHASE

The arrangement of the bubbly phase in the gaprauta
by vizualisation, as well as void fraction profilase presented
for ventilated and cavitating flows. The localizati of the
dispersed phase is obviously different accordinthtosize of
the bubble, either in ventilated flow or in cavitat flow.
Physical interpretation is further given.

Characteristics of
ventilated Flow

the bubbly phase in

For the ventilated flow, bubbles produced by thitatign
of the free surface are driven into the gap, byrifping” from
vortex to vortex. As anticipated by Atkhem al. [2] with a
superimposed axial flow, bubbles are arranged rsgst of
individual spherical bubbles localized in the omfl regions
near the inner cylinder. After waiting for at le@d min, the
flow reaches a steady state in which the stringisgaand the
void fraction do not seem to change with time. This
arrangement is shown in Fig. 3 for Ta=780 and 1000.

a)

Figure 3: Visualization of the bubble arrangement/entilated
flow
a) Q; =2.45 rps (Ta=780) 0)=3.07 rps (Ta=1000)

The string spacing is identified as the axial wésmgth.
As in single phase flow, the wave length is homegais in the
gap. But it is increased in the entire gap by 5% &fo in
ventilated flow for Ta=780 and 1000 respectivelyy b
comparison to the single phase flow.

Although the bubble size was of the same orderhas t
resolution of the optical probe, chord length isi@n enables a
rough approximation. By this way, bubble mean dime; is
estimated to be, approximaely, 7j0@ (0.035d).

Figure 4 shows the radial distribution of the véidction
measured in the outflow region for Ta=780 and T#&81Qwo
wavelengths below the free surface (z/d=6.51 for7B® and
z/d=6.63 for Ta=1000). Measurements started atyb (x=-
0.375) from the inner cylinder’s wall, exhibit amcrease in the
void fraction near the inner cylinder. The void ctian
obviously increases witf; and Ta. Indeed, ventilation is more
pronounced when increasin;, leading to more bubbles



captured in the gap. 10 bubbles/s and 30 bubkées/detected
in the outflow region foiQ; =2.45 and 3.07 rps respectively,
two wavelengths below the free surface. For therdige
studied, the bubble size is quite independent &f ittmer
cylinder’s velocity.

2
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Figure 4: Radial profiles of void fraction for véated flow
0 :Q; =2.45 rps (Ta=780%: Q;=3.07 rps (Ta=1000)
x=r/d-(Ri+Ro)/2d

Although there is no stratification of the axialweaength
in the gap, there is obviously an axial stratifizatof the void
fraction. This stratification was qualified in thaur first strings
below the free surface. It seems that the voidtifvacin the
outflow region expands almost exponentially witte thxial

wave Iength.a(i)\): Ae T kA approximately for both Ta with

k=7 m" i denotes the number of the bubble string (i=1his t
string right below the free surface).

Characteristics of the bubbly phase in
gaseous-cavitating Flow

For the gaseous-cavitating flow, bubble arrangemisnt
characterized by strings of individual bubbles Iyaidcalized
in the outflow regions near the inner cylinder apdrtly
localized in one in two Taylor vortex cores. Thisaagement is
shown in Fig. 5 for Ta=1000. The flow pattern iserth
characterized by a number of stringsand their localization in
the gap. Notice thatsnis representative of the averaged axial

wave IengthX in the gap deduced fromt—%. This number
Ng .

of strings is observed in the outflow region. Ihdze seen that

ns evolves with the pressure decrease as it is suinedkin the

regime diagram in the coordinates (Pe, Ta) preddnteig. 6.

a) b) )
Figure 5: Visualization of the bubble arrangementdavitating
flow at Ta=1000
a) ns=14, homogeneous, b)+l6, stratified , c) 16,

homogeneous
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Figure 6: Evolution of the bubble strings numbecavitating
flow

When decreasing the pressure, there are more lsubble
spread out into more strings. A similar trend icamtered
when increasing Ta for a constant pressure.
ns=14 corresponds to the gap entirely filled by beb$irings.
Decreasing the pressure, new strings appear apthem of the
gap and a linear stratification of the axial wawndth is
observed. Each new string leads to a new strdiiicaThis
organization of the flow corresponds to a particulegime
called the transitional stage. At this stage, $itabg the
pressure leads to a reorganization of the flow wéth
homogeneous axial wave length. The duration of this
reorganization is called transitional time and dejseon Ta and
Ns.

Table 2 summarizes the value of the axial wavetlefay
different states of the bubbly flow (homogeneousd an
stratified). Anax and Ann represent the axial wave length
observed at the bottom and top of the gap, res@gtiAmax
can reach 4.25d at the bottom of the apparatus Vaiue
corresponds to the maximum stretching of the Tayhmtices
that can be observed in turbulent flow.



The void fraction measured in the core of a Taylntex
in the third string below the free surface is a$een in Table
2. For a given Taylor number, the void fractionreases with
the increase of ns. Far,> 0.1%, there is a change in the
length of the Taylor vortices and hence in the flpattern.
Stabilization of the flow (i.e. the disappearantstmtification)
is accompanied with a decrease in void fraction.

The spatial void fraction distribution has
characterized only forsal5 atTa=780 and &16 at Ta=1000
where the transitional time is sufficient to invgate the
stratified flow. Radial measurements started at b (x=-
0.375) from the inner cylinder’'s wall were perfomna the
core of the Taylor vortex and in the outflow regiokigures 7
and 8 display the radial distribution in the thitting below the
free surface, for Ta=780 and Ta=1000, respectively.

0,35 i
j M core, nS=15
(stratified)
0,25 | O outflow, ns=15
—_ (stratified)
5 0,2 @ core, nS=15
o i i (homogeneous)
0,15
i § § i O outflow, nS=15
01l é é (homogeneous)
0,05 | o 8 ¢} gHg g Q
0 .
-0,5 -0,3 -0,1 0,1 0,3 05

Figure 7: Radial profiles of void fraction for ctating flow in
the 3% bubble stings (Ta=780)
x=r/d-(Ri+Ro)/2d

0,9
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06
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Figure 8: Radial profiles of void fraction for ctating flow in
the 3% bubble stings (Ta=1000)
x=r/d-(Ri+Ro)/2d

been

In the core of the Taylor vortices, bubbles areheat
located at about 5.6mm (x=-0.22) from the inneiindgr. In
the outflow, the void fraction slightly increasesan the inner
cylinder. This increase is expected to be more quaned in
the region closer to the wall, where the probenahle to take
the measurements. What is surprising, is the vaidtiibn peak
observed in the outflow region for the homogenefiow at
Ta=1000 as observed in the core of the vorticess d@anotes
an important axial oscillation of the Taylor voes and
bubbles captured in the core contribute to the vioidtion
measured in a static region, corresponding to &-aweraged
outflow region. As stratification is known to infibtnovement
in the same direction, the vortex axial oscillatian more
pronounced in the case of homogeneous flow, thahdrcase
of axial stratified flow.

Ta Flow patten )\ma) )\min Ocore (%)

78C Single phas: 3.1c 3.1c 0

78C ns=14 3.1c 3.1c 0.0¢
(homogeneous

78C ns=14 4.25¢ 2.75¢ 0.1
(stratified)

78C ns=15 4.25¢ 2.4c 0.3t
(stratified)

78C ns=15 2.85¢ 2.85¢ 0.12
(homogeneous

100( Single phas 3.1c 3.1c 0

100( ns=14 3.1c 3.1c 0.0t
(homogeneous

100( ns=14 4.25¢ 2.75¢ 0.2¢
(stratified)

100( ns=15 4.25¢ 2.4c 0.3¢
(stratified)

100( ns=16 4.25¢ 2.15¢ 0.7t
(stratified)

100( ns=16 2.68¢ 2.68¢ 0.3
(homogeneous

Table 2: Cavitating flow patterns

To investigate a possible axial stratification o tvoid
fraction in the core of the Taylor vortices, axiaéasurements
of the void fraction were performed in the core fhe first
three bubble strings below the free surface. Measants
exhibit an inverse axial stratification of the vdidction, which
evolves linearly with the axial distance, the véiaiction being
more important at the top of the gap. The stratifan is all the
more important as the Taylor number increasesdz-0.1%A
for Ta=780 and d/dz=-0.5%A for Ta=1000). Axial
stratification was also investigated in the outfloegions near
the inner cylinder. In this region of the flow, theid fraction is
maximum at the top of the gap and decreases lyneatth the
axial distance, the rate of expansion being fomes as small
as in the core of the Taylor vortices. This letpmse that the
void fraction is more important in the outflow regithan in the
core of the Taylor vortices at the bottom of thep gand
conversely at the top of the gap. When the flostabilized (ie
the axial wave length is homogeneous), no axiatl ¥ction



stratification is encountered both in the vorticeses and in the
outflow regions.

The bubble size can be confidently obtained incive of
the Taylor vortices. In the third string, bubbleanaliameter gl
is estimated to be 3.1mnx(.15d). In the outflow region,
bubbles are ellipsoidal bubbles. The determinatanthe
bubble size is very biased because bubbles aréiZiedavery
close to the inner cylinder wall where the probeuigble to
measure. Nevertheless, the bubble size distributan be
deduced from image processing. The average largd@gx in
the azimutal direction, is around 6 mn@g£0.3d), larger than
the bubble diameter in the core of the Taylor wagi and the
average small axis gxis around 2.6mm (jx =0.13d). No
noticeable stratification of the bubble size isrfdifor the first
three bubble strings below the free surface, thpeebed global
stratification between the bottom and the top ef ¢lap due to
hydrostatic pressure being less than one tenthilbfn@tre. As
a summary, the bubble size is homogeneous, indepéeraf
both the Ta number and the state of the flow (fdtand
homogeneous)

Discussion about the bubble arrangement in
the flow

To understand the localization of the bubbles, st i

necessary to underline the role of the predomifaots acting
on the bubbles.

For the ventilated flow, small bubbles (size 0.035de
located in the outflow regions near the inner aj¢in A good
explanation was given by Atkhest al. [2] for the ventilated
flow with superimposed axial flux. Indeed, if therminal
velocity of the bubbles, obtained by the equilibribbetween
the buoyancy and the drag force, is lower thandinenward
velocity fluctuation, they can be captured in treparatrix
regions. If the drag due to both the radial meash farctuating
velocities compensates the centrifugal acceleratiotihe flow
at the separatrix, an equilibrium position can banfl. This
condition is realized in the outflow separatrix amok in the
inflow separatrix.

As far as larger bubbles are considered, no raalilegum
position is found in the outflow separatrix, bulsblere either
agglomerated near the inner cylinder in the outftegions or
captured in the core of the Taylor vortices.

Indeed, for the cavitating wavy vortex flow studibg

Djeridi et al. [4], for Ta<307, bubbles are found in the Taylor

vortices, with alternative distance between twolbeliings of
1.2d and 0.8d. For this particular flow, for Ta>3@7above a
critical bubble size of 0.3d, equilibrium positiom® longer
exist in the core of the vortices. This correspatada migration
of the bubbles towards the inner cylinder in th&low region.

For the cavitating Couette Taylor flow presentludiéd,
for quasi-periodic and weakly turbulent flows cdiutis,
bubbles of mean size 0.15d are localized in onsvon Taylor
vortex cores. Bubbles are captured in these patiaortices,
for which rotation induces lift and drag forces oped to the
buoyancy force. As expected from [2] or [4], smabebbles or
larger bubbles are not captured by the Taylor gestiand
migrate into the outflow region, near the innerirgeér.

In single phase flow, at Ta=700, the modulatiofrefluency f'
becomes chaotic and as energetic as the azimuted wh
frequency mf0. Beyond Ta=700, for the quasi-pedofidw,
the azimutal wave is expected to yield some oéiitergy to the
chaotic modulation, until the azimutal wave switsldf (Table
1) at Ta=850. It is then interesting to determin@clv one of
the two waves, play a determinant role in the bebldapture
by the vortices. To have a better understandinggtsp of the
gas characteristic function are determined in tbee ®f the
vortices. Spectra, up to 20Hz, are deduced fsolbrsampling
the auto-correlation of the gas characteristic fiong measured
with the upstream probe of the dual fibre-optic h@oThe
spectrum presented in fig. 9 for Ta=780 show aqgkity of
the bubble arrangement at frequency f'. This gitbesevidence
that bubbles follow the more energetic wave of mino
frequency to be captured by the vortices.
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Figure 9: Spectrum of the gas characteristic fomctibtained
at Ta=780 for cavitating homogeneous flow=15).

CHARACTERISTICS OF THE LIQUID PHASE

To answer the above question relative to the busbble
effects on the flow pattern, LDV measurements & liquid
phase in both ventilated and cavitating flows haween
performed and compared to the single phase flow.

Characteristics of the liquid phase in the
ventilated flow

For the ventilated flow, the particular localizatiof the
bubbles near the inner cylinder in the outflow oegi enables
LDV measurements elsewhere in the gap. Thus, teigecan
accurate velocity measurement of the liquid phapegtra and
axial profiles were investigated near the outerincigr
(x=0.25). However, to compare azimuthal velocitybofbbles
and azimuthal velocity of the liquid, radial prefl must be
performed in the outflow regions. Then, the conitidn of the
bubbles induces an error in the measurement oflithed
azimuthal velocity. This error is approximately 2%.



Axial profiles of the dimensionless axial velocity, d/v)
are plotted in Fig. 10 for Ta=100@rofiles confirm a slight
increase of the axial wavelength for the ventilafidv, by
comparison to the single phase flow, dependingheninner
cylinder’s velocity and thus on the void fractioifThe same
value of the Taylor vortices expansion is obtainéth LDV as
with visualization of the gaseous phase in the ¢mgding to
A=3.26d and\ =3.32d for Ta=780 and Ta=1000 respectively,
instead of 3.1d in single phase flow. Nevertheless,
significant change is found in the value of theahxielocity at
x=0.25, assuming that the vorticity is slightly demsed in
ventilated flow.
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Figure 10: Comparison between single phase flow and
ventilated flow axial profiles of axial velocity f@;=3.07 rps
(Ta=1000)

Figure 11 shows both the radial profiles of theiiligmean
azimuthal velocity in single phase and ventilatéowf for
Ta=1000. The velocity is normalized by;=2MNMRQ;. To
compare with the azimuthal velocity of the bubbigs radial
profiles obtained with optical probe are superingubdt can be
noticed that near the inner cylinder, bubbles mavdittle
slower than the liquid. For Ta=1000, the drift v@tg v, -vg
can reach 10% of the liquid velocity. For Ta=780isi7% of
the liquid velocity.

Concerning the comparison between the single phade
ventilated flow, there is a small deceleration b€ tliquid
azimuthal velocity (4% and 6% for Ta=780 and 1000
respectively). This is due to momentum exchangeichviis
expected to increase with ds and (y-vg).

Note that the complementary spectral analysis efatkial
velocity performed in single phase flow and in viated flow
shows that the spectra are similar for both quesibpic flow
(Ta=780) and weakly turbulent flow (Ta=1000). Thtiere is
no influence of the bubbles on the transition toakke
turbulent flow.
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Figure 11: Radial profiles of azimuthal velocitythre outflow
region of both the liquid phase and the bubblesfsr1000.
x=r/d-(Ri+Ro)/2d

Characteristics of the liquid phase in the
gaseous-cavitating flow

To quantify the bubble effect on the flow patterins
cavitating flow, mean velocity components of theuld and
spectra obtained in cavitating flow are comparethwhose
obtained in single phase flow. As for the ventitaflow, axial
profiles and spectra of axial velocity were meadunear the
outer cylinder (x=0.25) where no bubbles can cbuotg to the
LDV signal. For the measurement of radial profile$
azimuthal velocity performed in the core of the [bayortices,
the bubble induced error is not as disadvantagesum the
outflow region. However, for the measurement ofiakd
profiles of azimuthal velocity performed in the fioiv regions,
the bubble induced error remains small (< 1%)

In the case of cavitating stratified flow, the Taylortices
tend to shift axially with time. Therefore, axiatofiles and
radial profilesof velocity components are only investigated in
the case when the flow is homogeneous.

The axial profile of mean axial velocity plotted ig. 12
for Ta=1000 (g=16), shows clearly that the axial wave length
is reduced with the vapour phase, by comparisahecsingle
phase flow. The axial wave length values investiddiy LDV
are in agreement with the values obtained by teealizations
and reported in Tab. 2. In homogeneous cavitatio, fthere

is both a flattening of the Taylor vortices—L =-8.5%
singlephase
at Ta=780, g15 and -15.5% at Ta=1000s716) and a

decrease of the tangential veIocity—(AwiL:-Z% at
Wsinglephase
Ta=780, =15 and -11.5% at Ta=1000s716). This trend is
more pronounced in the Taylor vortices where bubldee
captured and reinforced when both Ta and the viadtibn
increase. Globally, when combining reduction ofrbsize and
tangential velocity of the vortices, it seems ttte vorticity
slightly increases with the vapour phase for bah T
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Figure 12: Axial profiles of axial velocity for TA&800.
Comparison between single phase flow and homoganeou
cavitating flow (r=16)

A squeezing of the Taylor vortices was also obskive
Atkhen et al. [2] in weakly and high turbulent CtieeTaylor
flow with a superimposed axial flow. Indeed, acéogdto their
measurements, at Ta=1000, the axial wave lengttlisced by
20% for a volumetric flux of the liquid correspondi to
J =0.034m/s (ie JV;=0.044\). Due to the difference between
the inertia of vapor and liquid, same volumetriaxflof vapor
would lead to less important modification of thevil patterns.
This gives rise to the question: is there any mfice of the
transitional axial flow superimposed during theasfication
stage on the axial reduction in wavelength obseried
cavitating homogeneous flow? The superficial veods due
to the axial volumetric flux was roughly estimatexs

1 Ro VL . .

| a(r)—2nrdr, with t; the time necessary for
nRoZ -Ri%|Rr;  td
the bubbles to migrate from the bottom to the tdpthe
apparatus. From the radial profile of void fractimeasured in
the third string below the free surface of thetitea flow at
Ta=1000, we obtain gJequal to 0.006mm/s (ie 3%7,).
Compared with [2], this value is too small to emsua
modification of the flow patterns. Same conclusedrawn, by
comparison with Shiomi et al. [1]. Indeed, they erlithe, that
there is no significant influence of a two-phasmiflux on the
axial wavelength for a superficial velocity (ie dig+gas) less
than 0.35 Vi, from Ta=3000 up to 25000. Thus, theeezing
of the Taylor vortices is likely to be due to thebbles effect,
in terms of momentum exchange and not to the smpesed
gas flux during pressure drop.

In Figs. 13 and 14, radial profiles of mean azimaluth
velocity measured both in the core of the vortiaes in the
outflow region are presented together with profidsmean
bubble velocity for Ta=780 @15) and Ta=1000 &¥16)
respectively. For the homogeneous flow, the vapoaves at
the velocity of the liquid in the middle of the gaphe drift
velocity is particularly important in the outflovegion near the
inner cylinder. It is responsible for the elongatiof the
bubbles, observed in this region of the flow. At&375, the
drift velocity can reach 40% and 27% of the liquiocity for

Ta=780 and 1000, respectively. This drift velodgyexpected
to increase in the region closer to the wall, whéee probe is
unable to take measurements. In the core of thécesr the
drift velocity is small, in agreement with the spbal shape of
the bubbles.
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Figure 13: Radial profiles of azimuthal velocitytudth the
liquid phase and the bubbles for cavitating homeges flow
at Ta=780 (g=15)
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Figure 14: Radial profiles of azimuthal velocitylwith the
liquid phase and the bubbles for cavitating homeges flow
at Ta=1000 (g=16)
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Figures.13 and 14 also display the radial profd&snean
azimuthal velocity measured in single phase floivcdn be
seen that homogeneous cavitation has no significdlinence
on the azimuthal mean velocity in the core of tlogtiges. In
the outflow region, however, there is a decreasdignid
velocity near the inner cylinder (4% and 7% for 788 and
1000, respectively) that results from the momenaxthanges
between the phases. This deceleration of the lidamends on
the Ta number and thus increases with the voidtifnac It
leads to a flattening of the radial velocity pre§i| characteristic
of bubbly flows in general. The flattening of theirauthal
velocity profiles and the deceleration of the lduin the
outflow regions are expected to be more pronouircéoe case



of stratified cavitating flow for which the void dction is
augmented by comparison to the homogeneous flow.

Spectra of the liquid axial velocity performed ihet
outflow region are presented in Figs. 15 and 18peetively
for Ta=780 and Ta=1000. In these figures, the spect
obtained in single phase flow is superimposed wtitie
spectrum obtained in stratified cavitating flow. eSpa
obtained in homogeneous flow are unchanged by cosgrato
single phase flow (and thus are not displayed & figures).
Note that it was carefully checked that spectraewbe same
for the different axial positions of the outflongiens.
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Figure 15: Comparison of the spectra obtained a788a:
... single phase flows= cavitating stratified flow (g=15).
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Figure 16: Comparison of the spectra obtained atLU&0:
... single phase flows= cavitating stratified flow (g=16).

For Ta=780, in single phase flow, incommensurables r
of frequency (f and mf0) are observed, correspogdio the
quasi-periodic flow with an azimuthal wave number4nFor
the cavitating stratified flow (ns=15), as evidenteere is a

premature disappearance of the azimuthal waveesponding
to a premature appearance of the weakly turbulewt f~or the

cavitating homogeneous flow, the spectrum recotlegssame
shape as in single phase flow, assuming that teengure
change in turbulence development is transitiomahgreement
either with a stratification state of the flow orthva void

fraction in the outflow region larger than 0.1%.

For Ta=1000, as expected in Table 1 for the sipylase
weakly turbulent flow, the azimuthal wave of freqag mf0
has disappeared. Same result is encountered bathvitating
stratified flow and in cavitating homogeneous flbw=16).

Spectra analysis shows that the distribution oftlating
energy is modified by the presence of the bubbtesjuasi-
periodic flow for cavitating stratified flow condihs. To
explain this, it can be worth comparing the buldife and the
length scale of energy containing eddies. The tersgile of

azimuthal wave can be deduced from the rdijo= % and
mtg
where

the one of the modulation from the ratlo= _W]:’mS,

Wrms is the rms value of axial velocity componentthe
outflow region. This yields to lenghtscales of 5 ranmd 16 mm
respectively. This roughly estimation shows thathhbble size
in the outflow region is of the same order as themathal
wave length scale, as it is suggested by the premat
disappearance of this wave at Ta=780. Accordin@ognet
[8], azimuthal waves, in single phase Couette Traffaw, are
due to the significant radial jet localized in ttflow region.
Therefore, it can be supposed that when bubblearok size as
the azimuthal wave characteristic length interfeih this jet,
azimuthal waves are affected. Fluctuating kinetiergy of the
azimuthal wave is thus transferred to the chaatiactires
characterized by f'. Indeed, kinetic energy of fregcy f is
promoted by the capture of the bubble, the bublyEngement
in the core of the vortices following the wavesoasated with
this frequency, as mentioned before.

Let us now evaluate the turbulent fluctuations piczti by
the wake of the bubbles, ie : ‘pseudo-turbulericethe outflow
jet, taking into account the bubble small axis rifistiion, the
characteristic frequency of fluctuations in the walof
ellipsoidal bubbles can be estimated based on aulgit

fgxp szIXB around 0.13. It leads to bubble
L,outflow Wi

frequencies approximately equal to 12HZQi), out of order
by comparison to characteristic frequencies offtbm (f and
mfo). Moreover, according to Lance and Bataille {®]grid
turbulence flow, the void fraction must be supetttan 1% to
have spectra affected by pseudo-turbulence. Thisliton is
obviously not satisfied. The bubble induced flutiug motion

is thus clearly due to bubble capture in the vesic

number

Discussion about bubble induced effects on
the flow pattern. Comparison between
ventilated and gaseous-cavitating flows
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This study provides the evidence that the ventilaied
cavitating Couette Taylor flows, characterized bijfedent
bubble size, have not the same features in the erang
780<Ta<1000.

For the ventilated flow, there is no influence toé thubbles
on the spectra of axial velocity. Bubbles, localizem the
outflow region, are considered too smallg/@0.035) to
interfere with turbulent structures and bring abayiremature
transition to turbulence. Nevertheless, there $ight increase
in axial wave length. In Djeridi et al [4], it ionjectured that
migration of bubbles g>0.3d) from the cores of the vortices
into the outflow regions leads to an augmentatiothie axial
wavelength. It is now clear that this bubble logatin the
outflow, whatever their size, is responsible fag tlortices size
moadification. This stretching of the Taylor vorticis consistent
with an increase of the axial momentum transfewbenh the
Taylor vortices [10]. The boundary region is knoteract as a
barrier to exchanges, thus bubbles, can act ast@miediary to
transfer momentum between the vortices.

For the homogeneous cavitating flow, Taylor vosdicee
squeezed. In the present study, it seems that ésibbiostly
trapped in the core of the vortices, are respoasibr a
decrease of the vortex size and an increase ofdttieity. This
is in agreement with Gopalan and Katz [11]. Theyegthe
evidence, that for certain combinations of vorteersgths and
bubble diameters, a few entrained bubbles at vewy Void
fraction, can reduce the core size of laminar,ditaonal and
turbulent vortices. According to the bubble location the
vortex core and the ratio between momentum exchdogeto
bubble buoyancy effect and due to bubble presstadient

3
. d : : .
effect given bng, the distortion can be null, marginal or
G

severe. G represents the vortex strength. In ose,cthe
increase in vorticity is about 6%, assuming thatdfstortion is
called ‘marginal’ distortion. In [11], marginal distion is
observed for bubble distance from the centre of thaex
between 0.4R and 0.45R, with R the vortex radiusis Ts
typically the case for the radial bubble locatiOMéR). For the
axial bubble location, we obtain a little more @R). We also

gdg®
GZ
4.10° and 3.1 for Ta=780 and Ta=1000, respectively.
Nevertheless, comparisons with [8] are difficultchese the
distortion of the vortices seems also to be lintethe bubble
number and their residence time, for bubbles aggtated in
the vortex.

Taking into account that bubble location influences
directly the size of the vortices, thus, a predantrflattening
of the Taylor cells is observed, when the void iacin the
core of the cells is more significant than the vivattion near
the inner cylinder in the outflow region (top ofetlgap in
stratified flow and homogeneous flow) and in retuan
predominant growth of the Taylor cells is obserwetien the
void fraction near the inner cylinder in the owuflaegion is
more significant than the void fraction in the cafethe cells
(bottom of the gap in stratified flow).

obtain

larger than prescribed by [11]. Estimations give

In single phase flow, the axial wavelength grovetidlated
to the increase in the wall shear stress (Cognég4)l
Therefore, same arguments relative to the “bubideded wall
shear stress” can be advanced to explain the graofvithe
Taylor cells length observed in ventilated flow astdatified
cavitating flow.

For both ventilated and cavitating flows, bubblesvem
slower than the liquid in the azimuthal directidime azimuthal
drift velocity is reinforced in the region whereetliquid is
accelerated, and thus particularly in the outflegion, near the
inner cylinder. This results in a deceleration ttd fluid in the
azimuthal direction near the inner cylinder in tbatflow
region and a flattening of the azimuthal velocagial profiles.
This corresponds to an increase of the velocityligra at the
inner cylinder, leading to an increase of the ghkar stress at
the inner cylinder. This increase of the local valkar stress,
which is expected to expand with the void fractiencalled
‘bubble induced wall shear stress’. It is not direcue to
buoyancy effect, but rather due to modification lafuid
velocity profiles near the wall, as a result of negrtum transfer
between gas and liquid phases.

When considering the volume occupied by the bubbles

o multiplied by the drift velocity, there is a ratd 0.4 and 0.14
between cavitating homogeneous flow and ventiléiead, for
Ta=780 and 1000 respectively. Thus, the momentuchange
between bubbles and liquid is greater in ventildled than in
cavitating flow, letting suppose that ‘bubble inddowall shear
stress’ is greater in ventilated flow than in catiiig flow.
Therefore, radial transport of fluid azimuthal morem from
near the inner wall outward [12] and axial momentuamsfer
are prominent in ventilated flow. The reason wtansfers are
promoted in ventilated flow is that the bubble ditsgrand thus
the void fraction in the outflow region near thaén cylinder
are more important, regardless of the bubble $iz®jeridi et
al. [4], the bubble induced wall shear stress waeeted to be
responsible for the premature transition betweers#tond and
third instability. In the present experiment, ihoat explain the
premature transition to weakly turbulent flow, otveel for the
stratified cavitating flow. This premature tranitimust not be
considered here as an advance in the transitigorbulence.
Two reasons can be invoked: Fist of all, millimetbdubbles
present in the outflow region in cavitating flowterfere with
the azimuthal wave. Secondly, millimetric bubbles lbe
captured by the Taylor vortices in cavitating flosinforces the
modulation f' at the cost of the azimutal wave.

CONCLUSION

The bubbly Couette-Taylor flow was investigated foe
quasi-periodic and weakly turbulent regimes. Bubblef
different size were generated either by naturaltilaion
(dg=0.03d) or by injection and pressure drop (gaseous
cavitation @=0.15d). For 0>0.1%, bubble induced
modifications of the flow patterns are evident, elegting on the
bubble location in the gap and their size.

For the ventilated flow, submillimetric bubblesear
localized in the outflow regions near the innerroyér. For the
cavitating flow, millimetric bubbles are localizdzbth in the
outflow regions near the inner cylinder and in dnetwo
Taylor vortex cores.. While injecting and decregsithe
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pressure, the flow is axially stratified, the warath being
increased at the bottom of the gap and decreaséuk abop.
When the pressure is stabilized, the flow reorgesip have an
homogeneous axial wavelength.

For a preferentially bubbles arrangement in theflamut
region near the inner cylinder, there is a stretglaf the Taylor
vortices As a consequence of their drift velocity, bubbles
localized in the outflow region are responsible &or increase
of the wall shear stress at the inner cylinderetghing is thus
due to ‘bubble induced wall shear stress’.

For a preferentially arrangement of the bubblestha
Taylor vortices obtained either at the top of thap gfor
stratified cavitating flow or in the entire gap fahe
homogeneous flow, there is a squeezing of the castithat
increases with the void fraction. Squeezing is thu@n increase
of vorticity of the liquid in order to capture thebbles.

In the case of stratified cavitating flow, a preorat
transition from quasi-periodic flow to weakly tutbaot flow is
observed. This is not attributed to advanced ttamsito
turbulence but to interference in the outflow regioetween
millimetric bubbles and the azimutal wave, the tangcale of
which is of the same order.

As a conclusion, bubbles localized near a wall @oaette
Taylor flow, and in two-phase flows in general, axpected to
improve transfers, whereas bubbles captured by ofayl
vortices, are expected to reduce transfers.
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