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Abstract

viscous torque, Taylor vodice

This study is an experimental investigation of itteractions between the bubbles, the coherentomoti
and the viscous drag in a Taylor Couette flow,tha outer cylinder at rest. The cylinder radiugorgtis

0.9. Bubbles are injected through a needle at thioim of the apparatus inside the gap. Differeriibel
sizes are investigated (ratio between the bubhkkeand the gap width 0.05 and 0.12) for very sntd
fraction (@<0.012). Different flow regimes are studied corregpiog to Reynolds number Re based on
the gap width and the velocity of the inner cylindanging from 400 to 20000. For these Re values,
Taylor vortices are persistent leading to an ap@&iodicity of the flow. PIV measurements of thguid
flow features, bubble tracking in a meridian plame viscous torque of the inner cylinder measurgsnen
are performed. This study provides a first evideoicéne link between the bubble localisation, tlagldr
vortices and viscous torque modifications. Bubldes attracted towards the inner cylinder, due & th
rotation of the cylinder. For small buoyancy effeotibbles are trapped and induce a decrease in the
outflow intensity, thus leading to an increase lod wiscous torque. When buoyancy induced bubble
motion, by comparison to the coherent motion oflitpeid is increased, a decrease in the viscougputr

is suspected.

Introduction

The Taylor Couette device can be considered as an
academic one to study bubble induced modificatafrthe
viscous drag. Indeed, it is a closed system and
characterizing the viscous drag consists in cheraatg
the viscous torque applied on the inner cylindesrébver,
for high Reynolds numbers, the Taylor Couette floas
many similarities with the boundary layer flow dmng
over a flat plate.

In the context of naval hydrodynamics, bubble itijgc
can be intended to reduce the ship hulls’ viscessstance.
Actually, the physical mechanisms implied into théobly
drag reduction expected for ship hulls applicatiarns not
completely understood. As a consequence, it iscdlffto
extrapolate results obtained for small scale mottelarge
scale ship’s hull model and a bubble injection eysthat

is appropriate for a typical ship hull and a specitlocity
range can be no more fitted when it is carried fouta
different ship hull and/or other velocity ranges.

Therefore, injecting bubbles inside a Taylor Coaidlibw
can make it possible to study the interactions betw
bubbles and the wall shear stress. In a turbuleylor
Couette flow, there are 3 main contributions: a mea
azimuthal flow, large scale Taylor vortices (witksaciated
inflow/outflow jets regions) and small scale turdi

structures. Thus injecting bubble in this kind @ is
interesting because bubbles can interact with these
different kinds of motions and can lead, for vepgdfic
conditions, to viscous torque reduction. In therkture,
the bubbly drag reduction in the Taylor Couettenflovas
studied for the outer cylinder at rest. When iblserved,
the torque reduction is likely to be associateHeziwith a
destructuration of the Taylor vortices by the bebighward
motion in the case of weak turbulent and turbulealor
vortex flow (Murai, 2008, Sugiyama et al., 2008) or
associated with the contribution of the deformatidrthe
bubbles in the case of the high Reynolds numbees>&R
10°), (Van den Berg et al., 2005, 2007, Van Gils et al
2011a, 2011b). According to Murai et al. (2008gre is

a Reynolds range, for which the relative contribatof the
Taylor vortices to the global flow and the bubble
deformation are too small to bring about torqueuotidn,
thus leading on the contrary to a torque augmemati
Nevertheless, a common point when viscous torque
reduction is observed is the existence of a voédttion
peak near the inner cylinder wall. It is then wartfing to
characterize the bubble dispersion in this typfteak and
trying to understand the link between the bubbpelision
and the viscous drag increase or decrease at tier in
cylinder.

Dispersion of bubbles in a Taylor Couette flow heen



studied experimentally for different geometriesffétent
radius ratios) and different Reynolds numbers ramge
the weak turbulent flow and turbulent Taylor vorfew, it
is highlighted that bubbles have preferential aagiation
regions, depending on the bubble size to the gatihwi
ratio (db/d) and the Reynolds number: either inTaglor
vortices (Mehel, 2007) or in the outflow regionduted
by the vortices) near the inner cylinder (Mehel,020
Murai, 2008). For the turbulent flow, there is @ferential
accumulation near the inner cylinder with a homegers
axial distribution (Van Gils, 2011a).

The strong accumulation of the bubbles near thd iwal
linked to the contribution of the added mass fdarnckiced
by the mean azimuthal flow. This force plays thesaole
as the buoyancy force when bubbles are injecte@ruad
ships hull.

Climent et al. (2007) and Chouippe et al. (2012yeha
performed numerical analysis of the bubble disparsor
the first instabilities and for the turbulent Tayleortex
flow respectively. Preferential accumulation of thebbles
in the axial and radial directions is discusseé &snction
of respective dimensionless parameters. For verglls
bubbles, the size of which is of the order of thgcous
length scale, it is evidenced that the small stadeulence
can play a role, by trapping bubbles inside the &hear
stress streaks near the inner cylinder (Chouipp&2

In the case of experimental study of bubble didpars
inside Taylor Couette flow, as the void fraction swa
characterized by intrusive method (optical probegxy
few profiles of void fraction are provided in thiestature
(Mehel, 2006, 2007, Murai, 2008, Van Gils, 2011a).
Measurements can evidence the radial distributiothe
void fraction at an axial position but they do eoiable to
characterize the axial distribution when it is sdb¢d to
the Taylor Vortices. In the numerical studies detéd to
bubble dispersion in Taylor Couette flow, the cédtion
carried out by bubble lagrangian tracking in theecaf
bubble passive dispersion (one way coupling, Chaaiip
2012) or bubble active dispersion (two way coupling
Sugiyama et al., 2008, Chouippe, 2012) providesvtid
fraction distribution. Nevertheless, the numeriozddels
do not take into account the interactions betweeas t
bubbles and the
formulation of the lift coefficient (Sugiyama dt,2008).
Thus performing fine measurements of the void foact
axial and radial distribution, when bubbles areedétgd
inside a Taylor Couette flow, according to the dtiads of
the flow (radii ratio, bubble size to gap ratio, yRelds
number) is of interest, in order to understand the
bubble-induced modifications of the wall shearsdre

The aim of this paper is to shed more light in the
mechanisms of bubble interactions with the wallashe
stress in a Taylor Couette flow by focussing on lihk
between the bubble dispersion and the liquid flow.
Experiments are carried out in the same experirhaeta
up as in Mehel et al. (2006, 2006b, 2007), corredpw to

a radius ratio of 0.91, The Reynolds number range
investigated in this study [400, 20000] is largkart in
Mehel et al. Two typical sizes of bubbles (db/d20ahd
0.05) are tested. In order to enable the charaet#on of
the bubble dispersion by visualisation, the glokald
fraction was willingly limited to a small valuex€0.012),
smaller than in Mehel et al.

results are very sensitive to the 9

Section 1 is a description of the experimentalugetThe
viscous torque measurements are shown and discirssed
section 2. Section 3 deals with the descriptiontid
bubble arrangement. Void fraction distributions athe
eulerian velocity fields of the bubbles measuredain
meridian plane are presented in section 4. Seé&tisihhows
some PIV /velocity maps of the liquid flow. Secti@nis
dedicated to the discussion.

Nomenclature

d Gap between outer and inner cylinders (m)
db  Bubble diameter (m)

g gravitational constant (i

G dimensional torque

L Cylinder length (m)

L. Needle’s length (m)

P pressure (Nif)

Qg  Airinjection rate (m3/s)

R Cylinder radius (m)

Re  Reynolds number

T Viscous Torque (Nm)

Ta  Taylor number

U Radial velocity (m/s)

Us Friction velocity (m/s)

Vy  Upward rising velocity of the bubble (m/s)
w Axial velocity (m/s)

Greek letters
void fraction

a
n ratio of inner over outer cylinder radii
A axial wavelength (m)

v kinematic viscosity of the fluid (As?)
P, needle’s diameter (m)

T wall shear stress (Nfin

o) rotational angular velocity (rad/s)
Subsripts

relative to inner cylinder
relative to outer cylinder
relative to gas phase

I relative to liquid phase

Experimental Facility

Figure 1 shows a sketch of the experimental setTing.
experiments were carried out in a vertical Circular
Couette-Taylor device, composed of concentric inaed
outer cylinders. The outer cylinder is at rest. Tadius of
the inner and outer cylinders argsRO0 mm and R=220
mm respectively, the height L of the inner cylinder
886mm. The device’s geometry is characterized bgdaus

ratio n:%equal to 0.91 and a clearance raﬁo%of
0

44.3. The gap, the width of which being d=20mm, was
filled with a mixture of water and glycerol, with free
surface 1cm above the inner cylinder. The devic¢he
same as used in Mehel et al. (2006), set aparthbanotor
has been displaced from the bottom to the top eflévice,

to ensure a better seal and make easier the atgiallof a



torquemeter and that the bubble generation system i
different (bubble injection instead of ventilatibg the free
surface or gaseous cavitation in Mehel, 2006). Ahgr
modification with respect to Mehel et al. (200&sliin the
fact that the device can be enclosed into a plaggybox,
filled with the same mixture as in the gap, in ortelimit
optical distortion effect.

The Reynolds number of the flow Re is defined as:
Re:Qi—Rid. The Taylor number is a correction of the

Reynolds number, taking into account curvature ogffe
1-n

Ta=Re . For the geometry at stake, the critical
values of Re and Ta, characteristic of ti&iristability, are
Re=137, and Ta=43.3 (Mehel, 2006), respectively. The
Reynolds number was varied both by changing theilang
velocity of the rotating inner cylinde®; and by changing
the viscosityv of the mixture (mixture of 65% glycerol or
40% glycerol). Attention was paid to reproduce Hzene
start up procedure to achieve a given Reynolds eum in
Mehel et al. (2006b), leading to same state offline for

Motor
Motor reducer

—]

Coupling i

el

|

Torquemeter T
i Optical probes

Couplin,
Ping moving system

Optical corection
box

Outer
cylinder

Gap

Inner
_cylinder

a

ta:]l:\ A

Injection box

Figurel: Sketch of the experimental setup.

the single-phase flow. For the two-phase flow, étign
began before the start up of the motor. Same prweeof
the acceleration of the inner cylinder was thenliadpin

two-phase flow as in single-phase flow.

Bubbles were injected through a needle in a bdedfilvith
the mixture at rest localised at the bottom of apparatus.
The injection pressure was controlled by a manomete

Mixture | ®c | Lc P (bars) | db@m) | Qg Vb

%  of | (um) | (mm) | Injection (mm3/s) | (m/s)

glycerol pressure

65% 180 50 1.18 2400 583 0.27
+0.01 +89 +17

40% 20 10 6 992 23 0.23
+0.01 +47 5

accuracy +0.01bar. Different needles diameters wested
(P=20um and ®=18Qum), leading to different mean
bubble size (992um and ¢=240Qum) respectively. The
injection was characterized by video recordingdiferent
conditions, the results (pressure, bubble sizejngction
rate) are summarized in Table 1.

Vy, is the bubble rising velocity, determined in intégnand
still mixture, based on the bubble size and vidgosi the
mixture at 20°C (linearized form of the drag force
coefficient applied on the bubble from Mei et 4994)). As
can be seen, the global air injection ratew@s very small,

Table 1. Characteristics of the bubble injection for the
different air injection conditions.

(L, and @, are the length and inner diameter of the needle
respectively. For the smallest needle, the air ftate Q is
determined by video recording of the bubble sizel an
frequency at detachment. For the largest need|g,isQ
measured with an airflow meter (Gilmont instrumenef.
GF-4001).

Table 2 gathers the value of the parameters cleaiziog

the two-phase flow for the different operating citiods.

in order to enable individual bubbles tracking by
visualisations inside the gap.

Mixture Re wd | C H d. | <a> | cas

% of - (%) |e

glycerol v

65% 2470 | 300* 094 0.6 158 014 &

40% 3000 | 350* 0.2 05% 75 0.011 b
6000 | 632** | 0.46] 0.45 124 0.024 c
10000| 930* | 0.68/ 0.35 18.2 0.035 d

Table2: Dimensionless parameters characterizing the

two-phase flow for different operating conditions i€
referred to Mehel measurements (2006 b), ** isrefk to
Chouippe simulations (2012) for same geometsy(€lg. 6)
is evaluated based on Wendt (1933) correlation tfer
dimensionless torque. C, H are dimensionless pdesme
(eq. 4 and eq. 5) crucial for the bubble local@atin the
gap that are defined in section 6.

Torque measurements

The torquemeter (KISTLER, reference 4503A) is cosgab
of strain gauges. It was mounted on the shaft whitves
the rotation of the inner cylinder. The measurenrange
was chosen according to the Reynolds number vdlues
set to [0-4Nm] if Re<10000, otherwise it was set to



[0-20Nm]. The torquemeter ensures the measuremmient
the torque with a global accuracy of +0.1% of the
measurement range, taking into account linearity an 1,6E+07
hystereris errors. The systematic error due to &raipre 100
drift in the range [15°C- 25°C] is 0.015% of the 1
measurement range per degree. It leads to a pessibl
systematic error less than 1% of the measured valata

are collected by a 24 bits acquisition board, thgpat
voltage level being in the range 0-10V. ©
For a measurement time of 60s, and a sampling érexyuof

1kHz, the statistical convergence of the time ayeda
torque was ensured with a maximum relative unaastasf

+0.17% (confidence level of 95%).

The measured torque includes both the contribubibthe
mechanical torque due to connection between thi ahd

the inner cylinder and the contribution of the wiss torque 0
exerted by the flow on the inner cylinder. The natbal

torque was characterized as a function of the icotak

velocity for the gap filled with air and subtractéal the Figure 2: Viscous torque of the inner cylinder in
global measured torque. single-phase flow measured as a function of thenBlelp
The normalized viscous torque G (eq. 1) obtained in number for a mixture of 65% glycerol. Comparisorthwi
single-phase flow is plotted with respect to theyméds Wendt's correlation (1933).

number in Figures 2 and 3 for the mixtures contejr65%
and 40% of glycerol respectively. Error bars takeoi
account hysteresis error, linearity error, driftoerdue to
temperature drift relative to 20°C and statistical

128407 1 1,E407

.

8,1E+06 | LE*05

o datasetl

4,1E+06
A dataset?2

— Wendt
1,0E+05 T T T : ;

1000 2000

3000

Re

convergence uncertainty. Two sets of data made\aral 408408 1000 100000
days interval allow to quantify the reproducibilitfhe 7 B
reproducibility error is less than 6% of the valagcept for 3,0E+08 | 1,E+08 /
the largest values of the Reynolds numbers (30% for g
Re=1900 and Re=20000 in the mixture of 40% glygerol i 06 i

1,EH

18% for Re=470 in the mixture of 65% glycerol). O ) 0E+08 -
In figure 2, and 3, good agreement is found betwien
measured viscous torque in single phase flow ar th
correlations of Wendt (1933) applied for a valueneD.91
(eqg. 2 and eq. 3). The relative difference is thas 5% for
3500<Re<12000. The viscous torque is underestimated
(-20%) for Re<3500 and overestimated (+15%) for 0,0E+00 - ‘
Re>12000. Curves plotted as a function of loganthm 0 5000 10000 15000 20000 25000
coordinates evidence that the torque expands asvarpof
the Reynolds number, as expected by Wendt. For Re
2000<Re<10000, the power is 1.5, in agreement withfrigyre 3: Viscous torque of the inner cylinder in
Wendt's correlation. For Re>10000, the power of lthe is single-phase flow measured as a function of thenRelg
1.78, a little larger than 1.7 given by Wendt. number for a mixture of 40% glycerol. Comparisorthwi
Wendt’s correlation (1933).

A dataset 1
1,0E+08 - o dataset 2
J o dataset 3

W‘endt

G psz (eq-1) Figure 4 and 5 display the viscous torque measumed
15 two-pha}se flow for the Iarge_st ar_wd_ smallest bubbles

G =145 n Rel5 for 400< Re< 10000 (€q.2) rgspectlvely. To test reproducibility of |njec§|e|ffect on the
(1_ r])7/4 viscous drag, .dlfferent. dataset were obtamed_ lier game

time after the inner cylinder velocity had reaclitsdsteady

state, at several days interval. For the largebblas, the

PSSt 17 viscous torque increases with the Reynolds numbertd
G =023 WRe for10000< Re<100000(eq.3) 10% of relative increase for Re=3000). For the tmal

bubbles, the relative modifications of the torque &ess
important. Nevertheless, even if the trends are ety
obvious, they are reproducible. It can be obserased
increase (+5%) in the torque for Re000 (ie: Ta4400)
and a weak decrease (-2%) for<R800 (ie: T&1900), out
of the range of systematic errors.

For same bubble size to gap width ratio (¢0/@5), Murai
et al. (2008) attested that there is a drag deerdas
Re<4000 (ie : Ta1810, taking into accoum=0.83 of their



experimental set up) and a drag increase for |d®ggnolds
numbers. Note that in our experiment, the rang@agfor
numbers for which drag reduction is suspected, nis i
agreement with the critical value of Murai.

2,407 3,E406

X
3

K

1,E+07 | ¥ % .

¥ L
O 8E+06 | 0,E+00 %
lo 1000 § e single phase

4 E+06 ¥ o two phase
’ ¢ dataset 1
* X two-phase

¥ dataset

1,E4+05 T T T
0 1000 2000 3000

Re

Figure 4: Viscous torque of the inner cylinder measured as
a function of the Reynolds number. for a mixture66£6

rotational velocity. Comparison with single-phalsenf

4,E+08
’ 5,E+07
g
3,E+08 - §
3
O 2,E+08 - 0,E+00 .
§ ¢single
10 10000 phase
1E+08 ¢ two phase
datasetl
3 X two phase
0,E+00 ® dataset 2
0 10000 20000
Re

Figure 5: Viscous torque of the inner cylinder measured as
a function of the Reynolds number for a mixtured4@kb
glycerol, ®=20um, P=6b, 1h30 after stabilizing the
rotational velocity. Comparison with single phakesf

Bubble arrangement

Bubbles are periodically arranged in the axial cdion as
bubble strings (Figure 6). The string spacing eniified as
the axial wave length. By counting the number oings
distributed over the height of the device, it wasgble to
determine the axial wave length, assuming thatflthe is
not axially stratified (this was not the case whiting for
at least 15 mn after the rotational velocity weabsized).
Figure 7 exhibits the axial wave length in singleda
two-phase flows, as a function of the Reynolds nemb
obtained for the different bubble sizes.

d)

two-phase flow arrangement
"=k for the different cases a to d. Traces of the bebkdre
glycerol, ®=180um, P=1.08b. 50 mn after stabilizing the y;sjple for several wavelengths over the heighihef device

0)
Figure 6: Visualisations of the

by integrating with an exposure time of 20ms.

7
| ®single phase
(Mehel, 2006) o
6 | ©two phase,
db=2,4 mmao o
o two phase,
> db=0,99 mm .
Ke]
<
4 - °
| [ ]
: ¥
o o
2
0 10000 20000
Re

Figure 7: Axial wave length measured as a function of the
Reynolds number for the different mixtures and belslizes.
Comparison with single- phase flow is also addeskteaon
Mehel's measurements (2006) (Note that for Re=10p000
Mehel didn't evidence very clear Taylor vorticessimgle
phase flow).

For the small bubbles, different trends are obskree
decrease in the axial wavelength for Re<=6000narease

in the axial wavelength for Re>=14000. Interestimpugh

is the fact that these opposite trends observedthen
wavelength can be associated with the oppositedsren
observed on the viscous torque. Note that for R668,
small bubbles were not obviously organised as rings
periodically arranged in the axial direction (Figusa)



One reason is that there are too few bubbles tdeace a
clear arrangement and the other reason is thaeis that
during a period of rotation, bubbles are shiftexrfra string
to the upper string, leading to a spiral arrangeémen

Large bubbles bring about a decrease
wavelength for Re<3500, as it was observed in Mehal.
(2006b) for bubbles of size db/d=0.16 (db=3.2mm).
Mehel (2006) evidenced that the increase or deergathe
axial wavelength is closely linked to the localisatof the
bubbles in the gap. More precisely, a prefereiigdtion in
the Taylor vortices would entail a squeezing of ¥betices,
whereas a preferential location in the outflow omghear
the inner cylinder would lead to a stretching daf tlortices.
Thus, it is worth characterizing the bubble digttibn
inside the gap. For this purpose,
visualisations of bubbles trajectories were caroed in a
meridian plane.

Bubbles tracking
Ombroscopic lightning, associated with a Photrostéam
SA3 caméra (8 bits, 12024*1024 pix2) and a Sigmandi

macro lens (f2.8) were used to visualise the bubbiea
focusing plane, aligned with a radius (plane r-The

. . Qi
sampling frequency was adjusted 1@002—'. A sketch of
i

the set up is shown in Figuge

Ombroscopic lighting /'D Top view of the set up

Focusing plane=
meridian plane T

n2

:
‘

Figure 8: Top view of the set up for bubbles tracking.

For this configuration, the device was enclosed itite
plexiglass box, the size of the viewing window weduced
to 1024*512 pik (ie: 3.77d*1.88d), the size of the pixel
being 74um. As the axial length of the field of view can be
less than one axial wave length, the camera catispéaced
axially and the images can be recomposed.

The spatial resolution was quantified, based on lihe
spread function, defined as the derivative of titerisity in
the direction normal a sharp edge. For this purp@se
reference pattern made of alternative black andenlities
(25lines per inch) was used. The effective spa@iablution
was deduced from the width at half the maximum eat
the line spread function, ie: 2@, making possible to
detect with a good contrast bubbles larger thaqb88

The depth of field was characterized using a refeze
pattern inside the gap, it was 20 mm, leading fmssible
contribution of the azimuthal velocity less thar?d@f the

high frequency

measured radial velocity in the outflow/inflow regs for
bubbles at the edge of the depth of field.

Bubbles contours were detected on the images, plyiag

in the axialboth a threshold on the grey levels and a threshaldhe

gradient of the grey levels. Contours were theledil The
double threshold method enables to get rid of hagbl
localized out of the depth of field. The area, dugiivalent
radius and the coordinates of the gravity centrecath
individual bubble were determined. Two bubbles at
consecutive time step were assumed to be the sabideh

if the displacement of the gravity centre was lgss half
the equivalent radius, thus making possible tordetes the
instantaneous velocity of the bubble.

The distribution of the instantaneous gas voluroetri
characteristic function was calculated in an eategrid of
20*20pi¥ (ie : 0.074d*0.074d). Same eulerian grid was
used for the determination of eulerian phase awvegag
velocities of the bubbles. Statistical informatipssich as
the mean void fraction and the eulerian mean géscive
were deduced from several thousand images, comdsyp

to 2 time period of the cylinder’s rotation. Faistnumber

of images, the statistical convergence of the tameé space
average void fraction is ensured.

Due to optical distortion, there was a shadow negiear
the inner cylinder, the size of which was 14@ (0.007d)
and 255um (0.013d) for the mixtures made of 65% and
40% glycerol respectively.

A six degrees polynomial function was used to adrbmth
the radial position and the radial measured velocit
(correction factor being 1.1 and 1.7 near the iraret outer
cylinders respectively). The correction laws wesadidated
on the pattern made of 25 pairs of lines per indhe fit
introduces an inaccuracy in the radial positioredatnation
that is maximum near the outer cylinder, approxatyat
+0.13mm £0.0065d). Thus the global uncertainty on the
radial positioning, taking into account the uncettain the
shadow’s edge positioning, is expected totd&4 um (ie:
10.02d).

The radial and axial positions are normalized bgnd the
. . v

velocity components are normalized bal . The

defined

dimensionless radial

(r-Ri)
d

gap, x=-0.5 being the position of the inner cylinde

position x is as:

X = - 05, the zero position being the middle of the

Figure 9 shows the void fraction distribution fohet
different cases referenced in Table 2.
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Figure 9: Void fraction distribution measured in a meridian
plane by bubbles tracking for the different caseb,a& and
d.

Figure 10 shows the distribution of the mean eaterjas
axial velocity for the different cases referencedable 2.
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Figure 10: Axial component of the mean gas velocity
measured in a meridian plane by bubbles trackimgtte
different cases a, b, c and d.

Alternative positive and negative gas axial velpcit
evidences the counter rotating Taylor vortices. sThu
comparison between maps of axial velocity and mafps
void fraction enable to understand how bubbles are
preferentially arranged into the gap. Figure 1lidspa
schematic view of the bubble localization obtairied the
different cases.

As expected, for cases a and c, bubbles are ragipgred in

a vortex on two, in the region of downward velocigar the
inner cylinder. This is in agreement with the olser
decrease in the axial wave length. For case d, lesltan
still be trapped into a vortex on two but they are
preferentially localized in the outflow region nehe inner
cylinder (maximum value of the void fraction). Reedntial
accumulation in the outflow region is in agreemeith the
observed increase in the axial wave length. Thed voi
fraction obviously increases with the augmentatidrthe
Reynolds number, leading to more and more bubbles
trapped. For case b, however, Figure1l0b doesnibixh
clear alternance in the sign of the axial veloclgtting
suppose that bubbles have rather an upward molian t
being really trapped.

It should be noticed that the increase in the viscmrque

of the inner cylinder is rather observed when beblire
localized closer to the outflow than from the infi¢cases a
and d). Small decrease in the torque is suspectaeh w
bubbles have an upward sliding motion near the rinne
cylinder (case b).
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Figure 11: Schematic view of the bubble localisation in the
meridian plane from a to d (left to right) (integpation



based on gas axial velocity and void fraction maps)
PIV

The velocity field of the liquid was investigated ia
meridian plane by PIV. The system was composea of

Figure 12: Axial component of the mean liquid velocity
measured in a meridian plane by PIV (left : singlase,
right : two-phase case a)

Evidence of the bubble induced axial wavelengthuc&dn
can be observed for this case. Figure 12 depicksceease

double cavity pulsed laser (Newwave Gemini Solo 2) in the downward axial velocity of the liquid due bhobble

aligned with a radius, and a camera (Highsense LI/

capture, the upward velocity being of the same roedein

1280*1024pix) shifted by a 90° angle. The flow was seeded single phase flow.

with fluorescent particles of size 20-5én. Pairs of images
were acquired at a sampling rate of 4Hz and preckgdth
Flowmanager 3.1.

The field of view was chosen in order to coverhe axial
direction 3.3d. For the configuration at stake, $ime of a
pixel was 5m.

The depth of field was limited by the width of tifeser
plane, which was 2mm, leading to a possible coutidin of
the azimuthal particle velocity less than 1% of teasured
radial velocity in the outflow/inflow regions.

The spatial cross-correlation was calculated omich gade
of 64*64 pi¥, with a 50%. recovering. Thus, the spatial
resolution of the velocity measurement is 0.17dj &éme
velocity is displayed every 0.08d. With a time beéw two
consecutive laser pulses set to 1ms, the subpselution
enabled a measurement of the velocity with an aoyuof
+5mm/s.

Here are just presented first measurements for case
(case a), for which millimetric bubbles are trapgsdthe
vortices and induce viscous torque increase.
measurements are rather qualitative than quangtathey
just aim at comparing the maxima of axial and radia
velocities in the vortices for the single phase amd-phase
flows.

Thus, as a first approximation, the set up wasematosed
into the optical correction box for this applicaticOptical
distortion in the radial direction was more impaoitthan for
bubble tracking and leads to a shadow region reaimnner
cylinder of 988um for the mixture made of 65% glycerol.
Optical correction was applied both on the radiasifion
and radial velocity measured, by using a polynorfaal,
taking into account the absence of the box.

625 pairs of images were used to determine the mear

velocity with a relative uncertainty af1% and+4% for
axial and radial components respectively and thes rm
velocities with a relative uncertainty af0.05%; These
uncertainties are based on a confidence level &f.95
Velocity maps are compared between the single phade
case a, corresponding to bubble trapping by thelofay
vortices. Figure 12 shows the distribution of theam liquid
axial velocity.

Figure 13 shows the distribution of the mean liqtadial
velocity for same case.

X ’ X
Figure 13: Radial component of the mean eulerian liquid
velocity measured in a meridional plane by PIVt(lefingle
phase, right : two-phase case a)

These

The mean radial velocity of the liquid appears ¢aréduced
by bubbles trapping. Interesting enough is the fhat the
reduction of jets intensity is more important ire thutflow.
Figure 14 shows the distribution of the rms eukeliguid
velocity for same case. Taking into account the flaat the
rms velocity was obtained by subtracting the lotale

averaged velocity of the liquid, this rms value is

representative of the small scale turbulence (@ngel scale
coherent motion contribution due to the Taylor i@
being included into the mean value).
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Figure 14: Axial component of the rms liquid velocity

measured in a meridian plane by PIV (left : singlase,

right : two-phase case a)

As the Taylor vortices velocities are reduced tgytiabbles,
the small scale turbulence is obviously more homegeas
in the axial direction. What is interesting is tinerease in
the value of the rms velocity particularly near thell, in
agreement with the increase in the viscous tordisemved
for this case. Note that only the axial componehtms
velocity is displayed but same result is encountdos the
radial rms velocity.



Discussion

Climent et al. (2007) introduced dimensionless pet@rs
to characterize the bubble accumulation into a drayl
Couette flow for the first instabilities.

The comparison between the centripetal force ofTdndor
vortices and the centripetal force due to the immginder
rotational velocity makes it possible to charaserithe
radial accumulation of the bubbles. Indeed, an mymd
value of parameter H (eq. 5) leads a bubble trappiside
the Taylor vortices, whereas a small value is ireament
with accumulation of the bubbles near the inneincidr.

The ratio of the axial velocity in the Taylor vagis to the
bubble rising velocity, defined as parameter C (&Qis
expected to characterize the axial localisatiothefbubbles.
Indeed, a small value of C is representative ofargnt
buoyancy effects. If C is very small by comparigor, it
can lead to bubbles rising regardless of the cathenetion,
if C is the order of 1, it can bring about a bubble
accumulation either in the Taylor vortices or i thutflow
region near the inner cylinder, according to thiueaf H.
With an important value of C, one can expect aralbxi
uniform accumulation of the bubbles near the irayinder.

Parameters C and H only characterizes interactbehseen
the bubbles and the Taylor vortices. In the casertfulent
flow, another parameter,d which compares the size of the
bubbles to the size of the small scale turbulenicsires
must be introduced. As a first approximation, dan be
based on the viscous length scale, deduced frorfrithien
velocity (eq. 6 and 7). A small value of.dwill entail a
bubble capture by the small scale turbulent strasturather
in the streaks of minimum wall shear stress, agmes by
the numerical calculations of Chouippe (2012) apdNino
and Garcia (1996) for particles. For the turbul&aylor
vortex flow, the streaks of minimum wall shear strare
rather localised in the outflow region, with a jpelical axial
arrangement of 100 viscous length (Dong, 2008).

the coherent motion, they are less trapped, the fraction
is smaller and their upward velocity tends to irglacspiral
arrangement (Figure 6 a). As shown by Figure 1lenvg8
increases, with the same magnitude as 1, bubbtemare
and more trapped by the vortices, their equilibriposition
shifting from a position near the inflow to a pasit near
the outflow inside the vortices (comparison betweases b,
¢ and a). For a value of C, same magnitude as énwhis
too small to enable bubbles trapping by the vostibeibbles
are then trapped in the outflow region, in agrednweth
case d.

The bubbles accumulation in the flow has a direfftuénce
on the liquid flow structures. As was shown fromVPI
measurements, bubbles trapping inside the Tayldices
can lead to a decrease of the velocities of théoFayprtices,
leading to a contribution of the coherent motiomttls
reduced in favour of an enhancement of the smallesc
turbulence of the liquid. Generally speaking, infaylor
Couette flow, the outflow is the region of minimuwwall
shear stress, and the inflow corresponds to thsmegf
maximum wall shear stress applied on the innendgli.
Thus the observed preferential decrease in velaifitthe
outflow can be responsible for the increase inuiseous
torque. This situation is observed when bubblesramgped
by the vortices near the outflow (case a) and expleto
occur also for bubbles accumulated in the outfloasé d).
Thus one could expect the opposite trend (ie bubble
localized near the inflow close to the inner cyéndfor a
bubble induced reduction in the viscous torque, thig
trend needs to be confirmed by experimental ingattin
of the liquid flow.

Conclusions
This study provides experimental evidence of the

interactions between the dispersion of the bubbtas,
coherent motion and the viscous drag in a Taylonefte

Values of these non dimensional parameters have beeflow. Two sizes of bubbles were tested in differamkture

estimated and reported in Table 2 for the differeases
studied.

W

C=— eq. 4
Vi (eq. 4)

2
W ) R;

H=4 " | =L eq. 5
{QiRij d (¢a-9)
d Ux

dp+=—2 (eq. 6)

with u*, the friction velocity taking into accoumurvature

effects. u* is defined asx = fm (eq. 7).
p

T; is the wall shear stress at the inner cylindeduded from

2
the dimensionless torque G = pv (32
2TR;

of water-glycerine, covering a wide range of Rewsol
numbers. Bubbles accumulated near the inner cylinde
Different configurations were observed: bubbles shde
along the inner cylinder, they can be trapped leyvibrtices

a vortex on two or they can accumulate in the outfl
region. The trapping of the bubbles by the Taylortices
induces a decrease in the axial wave length offlthe
whereas a preferential accumulation of the bubbiethe
outflow leads to an increase in the Taylor vortices

For Re=1000 and bubbles of size 0.12d or for>Re000
and bubbles of size 0.05d, the viscous torque egmh the
inner cylinder is increased. This torque augmeotaseems
to be associated to bubbles trapping in the Tawytotices
near the outflow region or to bubbles accumulafiorthe
outflow region near the inner cylinder, leadingatglobal
attenuation of the liquid coherent motion, partcly the
outflow motion.

For Re<6000 and bubbles of size 0.05d, a small decrease in
the viscous torque applied on the inner cylindesuispected.

It is associated to a bubble capture in the Taylmtices

Values of these dimensionless parameters have beemear the inflow or to bubble sliding in a spiralaargement.

estimated and reported in Table 2 for the differeases
studied. As expected, case b is in agreement with t
smallest value of C<1 and thus bubbles are lessitsento

Thus, the dimensionless parameter characteristidraf
increase or decrease is likely to be parameter Kichw
compares the axial velocity of the Taylor vortiGesd the



bubble upward velocity. An important value of C,
representative of weak buoyancy effects, is expedte
augment the viscous torque of the inner cylinder.the
present study a value 0f>Q.6 induces an increase in the
viscous torque, regardless the Reynolds number thad
bubble size to gap width ratio.

These results must be considered as early indicatio
bubble interactions with the coherent motion ane th
viscous drag.

More measurements are required to characterizédighiel
flow and a systematic characterization of the bebbl
dispersion, as a function of C, H angl gdhould be carried
out. Further investigations are still to be perfednto
compare 2D distribution of the void fraction wittchl void
fraction measurements by optical probe.

In order to have a better insight into the mechariof
interactions, it would be worth characterizing
intermediate regime where drag reduction is suspletd
changes into drag increase (688@<10000).

The observed decrease in the viscous torque wgssaell.
Indeed, the void fraction was limited a lot to eleabubble
tracking but it would be interesting to increase trumber
of needles in order to enhance observed modificatand
support the conclusions.
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