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ABSTRACT

In this work, we propose an experimental study on
the hydrodynamic instabilities due to the roughness of the wall
in a Couette-Taylor flow. The study was carried out without an
axial flow. In our experiments, the inner cylinder rotates at a
certain angular velocity and the outer cylinder is maintained
fixed.

The main objective of the study is to highlight the
geometric parameters effect on the flow of the flow. We mainly
focused on the effect of roughness of the wall on the
appearance of instabilities in the studied configuration (delay
or advance in its appearance). For this purpose, a qualitative
study was performed using Kalliroscope particles to visualize
the instabilities. Then, we applied polarography to different
types of roughness as a quantitative study. Hence the possibility
to characterize the flow regimes of the first instabilities (TVF,
VWVF, MWVF, and TN).

Our experience has shown that surfaceirregularities,
actually, have an effect on the appearance of the first
instabilities depending on the size and nature of the roughness.
In fact, the surface roughness not only increases the friction on

the wall but it also greatly influences the transport of the
momentum and mass in a given flow. The flow, therefore,
undergoes more friction when the inner cylinder (in rotation)
has a rough surface. This friction slows the vel ocity of the fluid
particles, which delays the onset of instability. The movement of
the particles will therefore, be dampened by theirregularities at
the level of the rough surface.

Moreover, the results also proved that as soon as the Taylor
cells are formed, the roughness is no longer a particle motion
damper, but on the contrary, it promotes the continuation of the
disturbance of the flow. The flow then becomes less slow down
in the hollow of the surface irregularities; which leads to less
friction. For higher Taylor numbers, the study showed a faster
transition from one regime to another.

Keywords. Taylor-Couette Flow, Surface
Rectangular groove, Hydrodynamic instabilities.

NOMENCLATURE
d Width of the gap (m)
CT Couette-Taylor setup
Ro Radius of the outer cylinder (m)

Roughness,



R; Radius of the inner (grooved) cylinder (m)
H Height of the two cylinders (m)
Sh Sherwood number
Ta Taylor number
n Radial ratio
v Kinematic viscosity (m2/s)
r Axial aspect ratio
Q Angular velocity (rd/s)
[. INTRODUCTION

The study of the flow of a fluid around a solid lyod
with a rough or structured surface occupies a demable
interest as it is encountered in the verificatiémediability and
the performance of rotating machines
hydrodynamic bearings). The design and modelinghese
machines with a high degree of performance is oh¢he
associated applications.

This configuration is analogous to the configunatkmown
as Couette Taylor flow, a flow between two condentr
cylinders: the outer cylinder is fixed and the ineglinder is
rotatable. An axial flow is also taken into accosatthe flow is
called Couette Taylor-Poiseuille flow.

Many studies have been done on the thermal pa#t (he

transfer) for configurations where the inner cyBnis smooth.
In the case where the cylinders of the system haughness,
some scientists are focused their studies mainlyhenheat
transfer.

For the specific problem of rotating machines (retavith
non-smooth surfaces, the study of phenomena in géye

between the two cylinders becomes a major problem t

optimize their performance.

A better understanding of the characteristics @& flow
field in this confined gap still requires specifieep studies.
This is necessary in order to improve their desigd develop
more efficient models.

Since Couette's studies [1], Couette-Taylor flows ha

influenced many scientists, experimentally, nunaljc and
theoretically. Up to now, several experimental otie¢éical and
recent numerical studies have been dedicated soptiablem,
and particularly to the Taylor vortices [2-6].

Regarding the thermal part, most studies repoftedcase
of smooth cylinders. Only a few studies includeerefices to
an axially grooved cylinder.

Among the experimental studies, mention is madéaafot
et al. [7] and Van den Berg et al. [8] who are riested in the
study of Taylor quilt system having ribs in therfoof square or
triangular regularly distributed on the surfacecgfinders, at
large Reynolds numbers (R8x10).

In these references [7,8], the most interestinglkesion is
that in the case where the system consists of taghr
cylinders, the drag coefficient is independent e Reynolds
number.

The authors noted that in the case of smooth ogigidthe
total dissipation is thus dominated by the contidou of the

(turbines  or

boundary layers, whereas it is dominated by theritrtion of
mass transfer for the case of the striated cylmder

Numerically, Tsukahara et al. [9] studied the ieflige of
ribs on the transport phenomenon and flow chariaties for
different Reynolds number up to 3.2 x 103. Theychated
that the roughness causes the increase in comgestsength
that is attenuated in the presence of a strongrasev@essure
gradient behind each rib.

Sodjavi, et al., 2018 illustrated some photographshe
fow at dfferent high Reynolds numbers and surfaxgyhness
(smooth cylinder and G12, G6 and G24 grooved cwgliad
configurations). The flow structures were viusuadizusing
microscopic iriodin particles. They concluded tHat fully
developed turbulent flows G12 and G24 fows haveilaim
structural behaviour, strictly different from thaf G6. They
shows that the use of grooved inner cylinder irmesathe
friction coefficient and that the groove contrilmuti rate is a
function of A/k. Within the Reynolds number range of their
study (2 104 to 13 104), the friction coefficiematio between
the rough and the smooth cylinders is approximatehstant.

These studies cited above were carried out withghou
structured elements that are arranged to obsthectaverage
flow. The surface roughness is used either by desig
requirement or as heat transfer promoter. Theyuaesl to be
more effective in producing friction resistancertha the case
of smooth surfaces.

In order to reduce the frictional drag of the skhe rough
elements aligned with the average flow constitutetiaer
category of surface roughness. In this case, tlokribss of the
boundary layer becomes less than the approximéagathef the
roughness as well as the resistance to flow becalnesnant.
In this context, one can quote the studies of ldatl Joseph
[10], Moradi and Floryan [11], Greidanus et al.][&2d Zhu et
al. [13].

Understanding the mechanisms associated with isicrga
friction drag in a Taylor quilt flow in the case efe the
cylinder is axially grooved requires a thorough emstianding
of the Taylor-Couette flow.

In this work, we propose an experimental study be t
hydrodynamic instabilities due to the roughnesthefwall in a
Couette-Taylor flow. The study was carried out wind
without axial flow.

The main objective of the study is to highlight the
geometric parameters effect on the flow of the flgve mainly
focused on the effect of roughness of the wall e t
appearance of instabilities in the studied confijon. For this
purpose, a qualitative study was performed usintliriscope
particles to visualize the instabilities. Then, vepplied
polarography to different types of roughness asiantitative
study. Hence the possibility to characterize tlavftegimes of
the first instabilities (TVF, WVF, MWVF, and TN).

II. EXPERIMENTAL SETUP



A Photograph of the experimental apparatus forstiuey
of the Taylor-Couette flow is given in Fig. 1. lbresists of two
vertical coaxial cylinders made of transparent igles that
create a gap occupied by a fluid. The inner cylinsgleriven by
aa-step motor with a variable speed.

The radii of inner and outer cylinders are ri =@8m and ro
=100mm, respectively. Thus, the gap d,<&= 11.5mm and
the radius ratio is1 = R/R,=0.886. The length of the fluid
between the two cylinders h = 450mm, which givesaaial
aspect ratio of=H/d=39.47.

The inner-cylinder grooved configuration is present
in Figure 1.b.
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FIGURE 1: (a): SCHEMATIC VIEW OF THE CT: 1 Storage tank; 2
Pump; 3 By-pass; 4 Flowrate control valve; 5 Flowsnes CT feeder
tank; 7 Drain valve; 8 Support; 9 Supply holestfar homogeneous
filling of the CT gap (8 holes); 10 CT grooved inwglinder; 11 CT
outer cylinder; 12 Flabby; 13 Motor shaft; 14 Etazl motor; 15
Overflow; 16 Ball bearing; 17 Elastic coupling; B8otection; 19:
Circular probe; (b): PHOTOGRAPHY AND SKETCH WITH
DIMENSIONS OF THE EXPERIMENTAL SETUP; (c):.DETAILS
OF THE GROOVED INNER CYLINDER WITH DIMENSIONS.

rooved cylinder

As can be seen, the grooved cylinders are equipptd 36
identical axial rectangular cavities which are aged
periodically. They are named “Gn" whemneis the number of



grooves. Our configuration corresponds to Gn36. fEtie of
the groove width w = 12.7 mm to its depth k = 3 iisrequal to
w/k = 0.9. The ratio of the groove separation dise\ = 21
r/n = 15.47 to the groove depth k is generally usedhe key
parameter to distinguish the different wall rougése
configurations [14,15]. In our configuration, thiatio A/k
correspond approximately to 5.15 for G36.

The relevant dimensionless parameter that chaiaeser
the flow dynamic is Taylor number. It describes tieéation
between viscous dissipation and centrifugal forcés defined

QR d

| i
v \R

The main objective of this study is to evaluate #ution of
axial grooves on the behavior of Taylor-Couettevfldhus, the
grooved inner cylinder configuration is comparedtte case of
a Taylor Couette flow with a smooth surface. Theeoaylinder
has a smooth surface.

Ta=

II.1. Visualization of the flow by kalliroscope particles
The Kalliroscope allows a qualitative descriptioh tbe
flow. It is a suspension of reflective particlesheBe particles
are anisotropic, of dimensions (30 x 6 x0.07) aedsity of
1.62 g/cm3. With a high index of refraction (n =83), they
provide good visibility of the flow even at a lowgportion.

II.2. Polarography technique

Polarography technique is an electrodiffusional hodt
that focuses on the relationships between two otthaiu
systems (electronic: electrodes and ionic: solytidring
charge transfer composed of one or more electraxidgtion-
reduction reaction). The polarography is basedhenpiots of
Limiting Diffusion current | delivered by the prolvehile it is
polarized by a direct voltage (between 0.5 and Padctording
to a given polarogramme, established function o fluid
aqueous solution characterizations and the flovinreg. The
electrochemical solution that was used in our stedie ferri-
ferrocyanide of potassium with a concentration 6friol/nT.
The choice of the indifferent inert electrolyte weene to
especially limit noised diffusional limiting currem As inert
electrolyte, we used potassium sulfat&SKy at a concentration
of 200 mol/ni.

[1.3. Wall shear stress determination

The simplifying assumptions adopted for the resotubf
convection-diffusion equation generate that thedlogae (1928)
wall shear stress solution for quasi-steady, cawriitéen as:

_s _D(s®Y 1

%= S I2(0.807j W
whereSh(t) represents the Sherwood number, depending on the
limiting current |, the diffusional coefficient of the
electrochemical solutiorD, the Faraday number£96485
C/mol), the active potassium ferricyanide ion conceitre€,,

the electrochemical probe width (=0.82d whered is the

active diameter of the probep its area and finallyn the
number of electron exchange during the oxido-redox
electrochemical reaction. This Sherwood number ban
written as follow:

I.0

" nFC,.AD @)
The Leveque solution becomes invalid for disturlvedime

with unsteady flow. Thus, a correction of the Léwégolution
(1928) is proposed by Sobolik et al. (1987):

S&b(t)=5q(t)+§9(t)[$] O
where:
2 1 2
6(t) =0.486°D S, ()° 4)

For low Péclet numbers, the inverse method is fatjy
suggested. The details of the method were develémethe
first time by Beck et al. (1985), who introducedatsolve the
thermal transfer problems, then, by Mao and Hanrgt®90)
and Maquinghem (1999) to solve the mass transtdsi@ms.

FIGURE 2: ELECTROCHEMICAL PROBES LOCALIZATION
ON THE INNER WALL OF THE OUTER CYLINDER

[l RESULTS AND DISCUSSION
[ll.1. Mean flow characteristics

We investigate the effect of grooving on the gehera
behavior of the flow. To characterize flow stateshe grooved



and smooth cases, we perform scans velocity. Thstiun now (figure 6). Thus, grooves relay flow transition rfrolaminar
is if roughness disturbs the flow and acceleratesttansition Couette Flow to Taylor Vortex Flow.
apparition or the inverse.

To attempt to answer the question of whether thghoess
makes the flux more or less stable with respectthe
appearance of vortices than in the stable casesongare the
state of the flow with the case where the smoatieiircylinder.

The low dimensions of the Kalliroscope particldswlits
transport by the flow. Then, the visualizationsoall us to
describe the flow structures and to detect the flostabilities
transitions.

R S

IIl.2. Taylor Vortex Flow (TVF)

In smooth Couette-Taylor System (CTS), the firgtwfl
transition i.e. the transition from laminar Couefiéow to
Taylor Vortex Flow corresponds to a critical Taylarmber of
41 for A radius ratio i3) = ri/ro=0.855 and an aspect ratio of
I'=31 (Berrich, 2011). The time-evolution of Taylarmber for
CTS with grooved cylinder is presented on figureand 4. It
shows that the flow is steady. It corresponds tlrutaminar
Couette flow. For this Taylor number, we studie@ time-
evolution of the mass transfer.

t=t,+132 s
FIGURE 4: FLOW VISUALIZATION FOR THE COUETTE
FLOW REGIME AT Ta=41
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FIGURE 3: VISUALIZATION OF THE COUETTE FLOW FIGURE 5: EVOLUTION OF MASS-TRANSFER RATE
REGIME AT: (@) t =¢§ (b) t = {+48 (SHERWOOD NUMBER Sh) FOR Ta=41
The mass transfer is almost constant (figure 5fatn, no By increasing the Taylor number, the spatiotemporal
vortices appear for Ta=41. To conclude, for the esaraylor evolution of the reflected intensities field becemaon
number, in the case where the inner cylinder is@magortices homogeneous along the system.

appear while when the cylinder is grooved no vediappear



Figure 6 shows that shear rates are no longer aanst By comparing the results in the cases where therinn
because of the transition apparition from Couetieihar cylinder is smooth or with grooves, the first vortgtructures
regime to Tayor \Vortex regime. The average shede ra begin to develop in the same way from the endsheflatter
variations of the wall depend mainly on the axiat aadial going along the gap between the two cylinders. d&dinder
position at the inner wall of the outer cylinder. with grooves, the first instabilities appear at32 (figure 7).
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FIGURE 6: EVOLUTION OF MASS-TRANSFER RATE (Sh) FOR
Ta=75

t=ty;+93 s
FIGURE 8: THE APPEARANCE OF THE FIRST TAYLOR
CELLS
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FIGURE 9: EXAMPLE OF TEMPORAL EVOLUTION OF THE
PARIETAL VELOCITY GRADIENT DETERMINED FROM THE

t=ty+16 s
FIGURE 7: FLOW VISUALIZATION OF THE APPEARANCE OF
METHODS OF LEVEQUE AND SOBOLIK (1987) FOR Ta=75
THE FIRST TAYLOR CELLS AT Ta=75 Q (PROBE 7) (1987)



As anticipated, the grooves produce velocity matiluts
and the resulting interaction with the flow bredke primary
instability responsible of Couette-Taylor roll foation, so the
delay in the appearance of the first instabilities.

The evolution of the parietal velocity gradient,tabed
according to the method of Levéque and sobolik 7} 9% a
function of time, is illustrated by the figure 9oté that the two
signals are completely in phase.

111.3. Wavy Vortex Flow (WVF)

In order to check the dependence of the flow stmgcbn
the Roughness, Figure 10, shows the flow charatiegifor the
second instability.

When the Taylor number increases, a second ingyabil
appears at Ta=103. It is characterized by the poesef wavy
vortices. The evolution of the Taylor number isagivin Figure

Sy

Ty

Ta=115
FIGURE 10: FLOW VISUALIZATION FOR THE WVF REGIME

Thus, the visualization shows that the rollers tddeesame
periodic wave shape as in the case of smooth @fiadound
the cylinder in the azimuthal and axial directitijs breaking
the axisymmetry of the rollers.

Turning to a number of Taylor Ta = 105, we notibe t
appearance of a new period which is superimposedhan
which appeared in the previous regime (Figure 11).

The instantaneous mass transfer rate evolution¥\igF
demonstrates that the wavy vortices are periodithé axial
direction with a period. and in the azimuthal direction with a
wave number m and in time with a frequefficy

For a radial ratiop = 0.87, Edwards et al. (1991) [16]
showed that the critical Taylor number correspogdio this
second transition, and is equal to.,Ta 234 for 3 pairs of
vortices and Ta = 52 for 17 pairs of vortices. This may be due
to the effect of the Ekman vortices that are coumstdl at the
motionless wall of the air gap (Sobolik et al., 2D1

Figure 11 shows that in this case where we arehat t
beginning of the wavy Taylor vortex regime, the wawumber
m is equal to 4.

08 .
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0 50 100 150 200
t(s)
FIGURE 11: EVOLUTION OF MASS-TRANSFER RATE FOR
Ta=105
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FIGURE 12: EXAMPLE OF TEMPORAL EVOLUTION OF THE
PARIETAL VELOCITY GRADIENT DETERMINED FROM THE
METHODS OF LEVEQUE AND SOBOLIK (1987) FOR Ta=75
(PROBE 7)

From figure 12 it can then be seen that the rapiasition
from one flow regime to another results in a rapid
intensification of the mass transfer and consedyenthe
parietal velocity gradient. This intensificationreative to the
development of corrugated Taylor vortices, thugatizrizing
the WVF regime. The increase in the azimuthal waueses
fluctuations in the parietal velocity gradient detned by the
method of Sobolik et al. (1987).

250

lll.4. Modulated Wavy Vortex Flow (MWVF)
By further increasing the number of Taylor, thewflo
goes through a third transition to JFel42. This transition is



triggered when the main azimuthal wave of the W¥gime is
then more homogeneous and rolls start to be uristec
(figure 13).

S S RS

i\"\\‘k\“\\‘l\\\ﬁ\\'\"&\

SEANEAFRIRAANEANAARY X
FIGURE 13: EXPERIMENTAL RESULTS FOR MWVF REGIME
AT Ta=167

This transition is characterized by the appearafeelow
frequency which present the modulation frequenaefrolls
(figure 14). This regime appears with a delay comagdo the
case where the surface of the inner cylinder isatmo
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FIGURE 14: EVOLUTION OF MASS-TRANSFER RATE
FOR Ta=183
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FIGURE 15: EXAMPLE OF TIME EVOLUTION OF THE WALL
VELOCITY GRADIENT DETERMINED USING THE METHODS
OF LEVEQUE AND SOBOLIK (1987) FOR Ta=183

The parietal velocity gradient curves obtained thy two
methods of SOBOLIK and LEVEQUE (figure 15) show e
oscillations. Fluctuations have become difficult doumerate
because of the superposition of different frequesci

11I.5. Turbulent Taylor Vortex Flow (TTVF)
At the instability threshold characterizing thens#ion
between MWVF and nascent turbulent flow, the vdstifield
is qualified by the homogenization of the flow letpresence
of turbulent structures. This transition occurred Ta=583
(figure 16). It is characterized by a continuouscpm
without characteristic frequency (figure 17).
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FIGURE 16: EXPERIMENTAL RESULTS FOR TTVF REGIME
AT Ta=583
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FIGURE 17: EVOLUTION OF MASS-TRANSFER RATE FOR
Ta=1000
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FIGURE 18: EXAMPLE OF TEMPORAL EVOLUTION OF THE
PARIETAL VELOCITY GRADIENT DETERMINED FROM THE
METHODS OF LEVEQUE AND SOBOLIK (1987) FOR Ta=1000

Sodjavi, et al., 2018 illustrated that for fully wddoped
turbulent flow (high Reynolds numbers), the ratfofiaction
coefficient increases while increasing groove nusb@6,
G12, G24). But, they didn't study the effect obgve numbers
on flow regimes instabilities. In our case G36 agumfation, the
turbulent flow appears at Ta = 583 (Re = 209) whileaches
1210 for a smooth CT inner cylinder (Berrich, 2011)

Table 1 summarizes the different Taylor transitions
corresponding to each flow regime.

Table 1. Experimental results for Critical Taylarnbers

IV. CONCLUSION
This paper presents an experimental study of thghmoess

effect

on flow behavior in a Couette-Taylor system

characterized by a radius ratip= ri/ro=0.886 and an axial
aspect ratio of=h/d=39.47. Two experimental techniques were
used: visualizations using Kalliroscope particlesd athe
polarography technique i.e. the Electro-Diffusioethod. The
spatio-temporal evolutions of the flow issued frothe
visualizations and the wall shear rates evolutidagermined
from the signal issued from the electro-diffusialges show
that surface roughness can modify the instabilitsracter of
the flow: delay of the instability apparition.

For

these studies, the direction of the main flosv i

obstructed by the ribs. Therefore, a strong presguadient is
generated leading to increase transfer of momeifitom fluid

to the wall, so intense the surface friction. Théme first
instabilities appear with a delay.
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