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Abstract

We investigate experimentally spatio-temporal charaderistics of patterns in the flow between two coaxial
cylinders with an applied radial temperature gradient when the inner cylinder is rotating.

I ntroduction

The study of the influence of aradia temperature
gradient on the stability of the drcular Couette flow is
important for different applicaions snce ided
isothermal conditions are very difficult to adiieve in
pradice It is therefore important to know how a small
temperature gradient applied on a flow can modify its
stability. The drcular Couette flow with a radial
temperature gradient can modelize hea and mass
transfer from rotating cylindricd bodies which are
encountered in many applied systems such as cooling of
rotating eledricd motors or turbines, gas centrifuges,
rotating hea exchangers,...[1]. While the stability of
isothermal circular Couette flow has been subjed of
intense research [2,3], few work has been addressd on
the stability of non-isotherma configuration, in
particular little experimental work is available [1,4,5]
and linea stability anaysis gudies have lead to
contradictory results [6,7] because of a complexity
related to the large number of control parameters which
cannot be taken into acaunt altogether.

Flow parameters

The inner cylinder has a radius a and rotates at the
angular velocity Q = 27f;. The size of the annular gap
occupied by the flow is d. The working fluid has the
thermal expansion a, a kinematic viscosity v and a
thermal diffusivity k. The rotation of the inner cylinder
induces a circular Couette flow which is, according to
ciruclar Rayleigh criterion, centrifugally unstable and
gives rise to longitudina steady vortices. The
temperature gradient induces an axia flow, velocity
profile of which possesses an inflexion pdnt, then it
may be unstable to transverse oscill atory perturbations
acording to Rayleigh-Fjortfort criterion. The coupling
between the two destabili zing medhanisms may induce
new phenomena depending on dfferent flow

parameters. The control flow parameters are : the radius
a
ratio 1 = Td the Prandtl number related to the
a

fluid nature Pr = v/k, the Taylor number related to the
Qad rd 9’2
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Grashof number related to the temperature gradient Gr
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small temperature gradient, the base flow state has atwo
vorticity comporents : an axial one induced by cylinder
rotation and an azmuthal comporent sometimes
referred to as baroclinic vorticity, induced by the
temperature gradient. For a given flow system (n and Pr
fixed), the stability of the base flow is tested by varying
the rotation frequency of the inner cylinder for a chosen
value of the radial temperature gradient.

rotation and centrifugal force Ta = , the

where g is the gravity acceeration. For

Experimental setup

The experimental setup consists of 3 coaxial
cylindricd tubes: the inner tube is made of aluminium
and has an externa radius a = 2 cm, the intermediate
and externa tubes are made of glass and have inner
radiusb=a+ d=25cmandc=5cm. Intheinner
tube and in the gap between the glass tubes, there are
two water circulations from 2 cryo-thermostats with
controlled temperature (+ 0.02°C from Bioblock
Scientific). Theinner tubeis driven by a servomotor and
rotates at the frequency f;. We perform experiments for
temperature differences in the range AT 0 [— 10,10] °C.
We add 1% Kalliroscope solution AQ-1000to water in
the annular gap for a better visualizaion with either a
natural light or laser shee alongthe axia diredion. We
have determined the criticd frequency f. a which the



pattern occurs. Using alinea CCD with 2048 pxels, we
have recorded at regular time interval, refleded off-
pattern light intensity in order to dbtain spacetime
diagrams from which we may deduce spatio-temporal
properties of the pattern (frequency, wavenumber,
defeds,...).

- 1
:!
- |
-
-
& 5
-
-
-
R
-
-
-
-
.

Figure 1 : Photo of pattern spiral for
AT = 3°C nea the onset.

Main results

1. The transition from laminar base flow occurs via a
spiral pattern along the aial diredion (Fig.1). The
size of the pattern incresses with the rotation
velocity of the inner cylinder until the pattern fill s
the whole length o the flow at fi = f.. So the
bifurcation occurs as a convective instability before
an absolute instability sets in. For AT = 6°C, the
transition from base flow goes through an absolute
regime instability. The stability curve f.(AT) related
to an absolute instability exhibits a small
asymmetry between heaing and cooling the inner
cylinder (Fig.2).
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Figure 2 : Criticd frequency f. asfunction of the radial
temperature gradient AT.

2. The stahility curve (Fig.2) shows that small radial
temperature (positive or negative) gradient
destabili zes the flow.

3. The hdlicity of the spiral pattern depends on the
rotation velocity vedor and on the sign o the
temperature gradient.

4. For AT = 3°C, the space time diagrams of the spiral
pattern, moduated spiral and moduated wavy
pattern are given in Figure 3.a-c.

5. For fixed AT, the pattern wavenumber, the drift
velocity depend on the rotation velocity while the
inclination angle, depends only on the sense of
rotation. In particular for AT = 3°C (Fig. 4-a,b), for
€ < 1, the pattern is a spiral wavenumber and
frequency of which increase with € . For € = 1, the
spiral  beames moduated its wavenumber
pertains a sharp increase and a second low
frequency occurs. For 1 < € < 2.5, the wavenumber
of the modulated spiral weakly deaeases, the two
frequencies increase. For € = 2.5, the spiral pattern
beomes a moduated wavy pattern like that
ohserved in isothermal Couette-Taylor flow. It has
a onstant wavenumber g = 311 and two
frequenciesin ratio around 3. The disappeaance of
inclination is related to the weakening o thermal
effeds compared to hydrodynamic efeds.

6. For Q= 0, theinstability occurs for AT = 15°C and
givesrise to drifting pattern which becomes chaotic
few percent above the onset.

Discussion

The coupling of rotation and radial temperature
gradient induces a transition to oscill atory flow in form
of spiral pattern since the aia velocity component has
an inflexional point and is then unstable to transverse
perturbations. Similar helicoidal vortex flow has been
observed in the drcular Couette flow with a small axial
through-flow [9]. In the latter case, the instability may
have two regimes : convedive and absolute depending
on the level of noise amplificaion induced by the
through-flow. In ou case, the axiad flow has an
ascending and descending parts which may amplify
noise from top and batom boundaries of the system.

The relative importance of buoyancy and rotation
effeds can be estimated using the Richardson number

. Gr _ .
RI =—— . For Ri close to unity, the two forces are of

R€
comparable magnitude, for isothermal Couette flow
Ri = O and for natural convedion flow Ri=oo.
The transition from moduated spiral to wavy modulated
pattern occurs at Ri=0.03 corresponding to
weékening of thermal eff eds compared to rotation.



The traveling nature of the rolls and the
asymmetry between negative and positive temperature
gradient can be explained easily from a linea inviscid
stability theory from which one deduce the frequency
f O0Gr and ageneraized Rayleigh discriminant given
by

D(r) =Dy (r) + Py (r),

v

Figure 3-a: Spacetime diagram of spiral pattern for fi.
=0.085Hz (Ta. = 29) and AT = 3°C (Gr = 1224).
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Figure 3-b : Space-time diagram of moduated spiral for
fi=0.2Hz (Ta=68) and AT = 3°C.
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Figure 3-c : Spacetime diagram of modulated wavy
patternfor f; =0.4 Hz (Ta=127), AT =3°C.

where® (r) is the cantrifugal Rayleigh discriminant
and @, (r) represents the thermal contribution given
by

AGr AGr dT V?
®,(r)= _E(T = To) Py (r) _EE o

Qav I
The parameter A = comes from the ntribution

d2

of centrifugal accéeration in the buyoancy force, and it
is responsible of the asymmetry between positive and
negative gradient through the last term in @y, (r). This
has been confirmed by results from linea stability
anaysis[7,10].
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Figure 4-a: Variation of pattern wavenumber with the
control parameter for AT = 3°C.
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Figure 4-b : Variation of pattern frequency with the
control parameter for AT = 3°C.
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