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ABSTRACT

Measurements have been made using a two compo-
nent LDV system for turbulent flows between two
concentric cylinders with the inner cylinder rotating
and the outer cylinder stationary at the radius ratios
of 2.88 and 7.1, and at large Taylor numbers. The
results are compared with those measured in simi-
lar flow geometries at smaller radius ratio using hot
wires. The mean velocity profiles have been presented
using various scalings, and it is found that under the
scaling of wall shear velocity and local distance from
the cylinder surface (inner scaling), the data collapse
better. A power law is found to fit the data well in
the entire interior region apart from the two viscous
zones near the cylinder surfaces. The data can also
be fitted using a logarithmic law similar to that used
in unidirectional wall shear flows, but with different
constants and within smaller regions.

INTRODUCTION

Taylor (1935) experimentally studied the turbulent
flows between two concentric cylinders with the in-
ner cylinder rotating. Using the experimental results
from Pitot tubes, he found that with the outer cylin-
der stationary, the turbulent flow within the gap es-
sentially conserved its mean angular momentum ex-
cept within the thin layers close to the surfaces of the
two cylinders. Since this pioneering work, Brindley,
Lessen and Mobbs (1979) and Koschmieder (1979)
have studied, mainly through flow visualization, the
large scale Taylor vortices in the turbulent Taylor-
Couette flows. Nakamura et al. (1981) measured
velocities near a cylinder rotating in essentially un-
bounded fluid, and Smith & Townsend (1982) studied
the turbulent Taylor-Couette flows experimentally us-
ing hot wires. Smith & Townsend (1982) found that
the mean angular momentum within the gap is nearly
conserved and proposed that the mean flow near the
cylinder surfaces should scale with the inner scales as
those in unidirectional wall shear flows such as pipes,
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channels, and boundary layers over plane surfaces.
Barcilon & Brindley (1984) proposed a theory for this
flow based on the idea of marginal stability, and they
were able to predict the length scale variations of the
Gortler vortex with Reynolds numbers.

In this study, mean velocities for the turbulent
Taylor-Couette flows between two concentric cylin-
ders are measured using a two component LDV sys-
tem at different Reynolds numbers and at two differ-
ent gap widths between the two cylinders. The results
will be presented using various scalings, and compar-
isons with those of Smith & Townsend (1982) will be
made. It is found that the inner scaling suggested by
Smith & Townsend (1982) can be used, and a loga-
rithmic law with different constants from those used
in unidirectional wall shear flows fit the data well in
the usual logarithmic region. However, the data can
be well fitted with an algebraic law in nearly all the
interior region except within the two thin layers near
the cylinder surfaces.

EXPERIMENTAL SET-UP

Figure 1 shows the set-up of the experimental facility
used in the present study. The coordinate system is
chosen as radial r, tangential # and axial z with the
corresponding velocities %, v and w, respectively. A
circular glass tube with a diameter of 180 mm and a
length of 430 mm was used as the outer cylinder. The
glass tube was located inside a square acrylic tank in
order to reduce the curvature effect of the circular
tank on the laser light of the LDV system, and it was
glued to the square tank to prevent flow between the
inside and outside of the glass tube. The tank was
filled with distilled water, with the water level being
slightly lower than the height of the outer cylinder.
The water surface was free. Two different inner cylin-
ders were used, one was made of copper tube with a
diameter of 62.5 mm and the other was a solid per-
spex bar with a diameter of 25.4 mm diameter. The
length of the rotating cylinder, L, that submerged
into the water was 420 mm. The inner cylinders were




Driving
motor

otor T 1
Support

Rntating
cylnder

Quter
cylinder

Sguare
tank

Bearing -

Figure 1: Schematic diagram of the experimental
set-up.

driven by a DC powered servo-motor. Because of the
centrifugal force, the water surface near the rotating
cylinder was lower than that when the inner cylinder
was stationary. However, it was found that the de-
pression was in general less than 5 mm because of the
low rotating speeds.

The flow was seeded with 5 um particles with a
specific gravity 1.5. The velocities were measured us-
ing a two component LDV system located in the Ad-
vanced Fluids Dynamics Laboratory at CSIRO The
light source for the LDV system was provided by a
Spectra Physics 7 W Argon-Ion laser. Light beams of
blue color (A = 488 nm) and green color (A = 514.5
nm) were delivered to a fibre probe using fiber op-
tics. The fibre probe was supported by a robot which
can move in three directions with high accuracy. The
scattered light from the particles was collected by the
back scattering method. The focal length of the fo-
cusing lens was 350 mm. In order to avoid directional
ambiguity, a frequency shift of 500 kHz was applied
to both channels. The signals were filtered with band
pass frequencies from 100 kHz to 1 MHz, and sam-
pled for 100 seconds at data rates of around 400 Hz
for the copper inner cylinder case and 200 Hz for the
small cylinder case. Bias corrections were applied to
the data when calculating velocity statistics, and the
results were processed using FIND, a Windows based
software from TSI.

In order to check the homogeneity of the flow in
the axial direction, measurements for flows using the
small inner cylinder at Re = 6105 (defined later)
and at Az = 50 mm apart were taken. It was found
that both the mean velocity and the rms profiles agree

Ry T. Q(1/s) T[T, Re Rey
12.7  17224.7 18.66 2.5x10% 2791 16994
39.9 1.2x10° 6105 37159

31.25  5343.6 18.66 2x105 17652 33185
39.9 10% 38675 72709

Table 1: Parameters used in the present experi-
ments.
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Figure 2: Nomalized mean angular momentum
profiles.

with one and another extremely well at the two axial
locations.

EXPERIMENTAL RESULTS

Table 1 lists the information in the present study.
In the table, R; and R are the radii of the inner
and outer cylinders, Re = Vi Ry /v, d = Ry — Ry,
Rey = Vid/v, T = 2(Ry — Ry)Re?/(Rs + Ry) the
Taylor number, V; = R;}, v the kinetic viscosity,
{2 is the angular speed of the rotating inner cylin-
der, and T, is the critical Taylor number. The T,
values in Table 1 were estimated from the results of
Roberts (1965). From Table 1, it can be seen that
the Taylor numbers for the present study are much
higher than the critical Taylor number T for instabil-
ity. Barcilon & Brindley (1984) suggested that steady
turbulent flows can be expected for T'/T, >> 400.
Thus it is expected, and experimental results have
confirmed, that the present flows are steady turbu-
lent flows although the Reynolds numbers based on
the inner cylinder radius for the small cylinder case
are relatively small.

Figure 2 shows the profiles for the mean angu-
lar momentum V7 normalized by Vi R; at various
Reynolds numbers. Here V' is the mean tangential
velocity. The results are similar to those of Smith &
Townsend (1982). Near the inner cylinder, Vr/V] R;
quickly decreases to below 0.5, then increases slowly
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Figure 3: Mean velocity profiles normalized ac-
cording to inner scaling

towards 0.5 as the outer cylinder is approached, and
drops to zero at r = Ry. It is clear, from figure 2 and
the results of Smith & Townsend (1982), that the gra-
dient for Vr/Vi R, in the central region of the gap
in general decreases with increasing Reynolds num-
ber. It is possible that V'r/ViR; = 0.5 at infinite
Reynolds number in the interior region away from
the walls.

Smith & Townsend (1982) also presented their
mean velocity results using the ’inner scaling’ as that
used often in essentially unidirectional wall shear
flows such as channels or boundary layers on plane
surfaces. Figure 3 shows the present mean velocity
results according to the scaling suggested by Smith
& Townsend (1982) at different Reynolds numbers.
In presenting results in figure 3, the wall shear veloc-
ity at the inner cylinder surface, V1, is needed. Li
& Wu (1998) gave the details in determining V1 and
found the present results are consistent with those of
Smith & Townsend (1982) and Barcilon & Brindley
(1984).

In general, the present results collapse not only
in the region close to the inner cylinder surface, but
also in the interior region. Smith & Townsend (1982)
presented their results using the inner scaling up to
Art = 90, and suggested that their results follow,
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with & = 0.41 and B = 1.8, for 30 < Art < 90.
These constants are close to those from unidirectional
mean flows in channels or boundary layers on plane
surfaces. However, it can be seen from figure 3 that
the present data between 30 < Art < 200 can be
fitted with a relationship of the form of (1) with k =
1.0 and B =17.6.

Smith & Townsend (1982) argued that the stream-
line curvature will have a strong effect on the flow in
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the central flow region because parameter

_ Vir
= av/ar

(2)

is close to -1 in this region, and the viscous effect will
dominate the flow near the wall where velocity gra-
dients become large (a is close to zero). Fitting the
data to a relation of the form of (1) with & = 0.41
and B = 1.8 suggests that the streamline curvature
has little effect on the flow. Smith & Townsend (1982)
analyzed the upper limit for (1) to be applicable with
& = 0.41 and B = 1.8, and they found that for
Re = 40,000 (their Reg = 20,000), this limit is
Ar} = 47. Here subscript ¢ stands for the upper
limit. Similar analysis to that of Smith & Townsend
(1982) would give Ar} =~ 45 for Re = 38,675, the
highest Reynolds number for the results presented in
figure 3. In unidirectional wall shear flows, it is gen-
erally accepted that the lower limit for (1) to be ap-
plicable is between 30 to 60 (Hinze, 1975). Thus it is
not surprising that the present data cannot be fitted
with (1) using kK = 0.41 and B = 1.8.
In figure 3, an algebraic power law
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with C = 7.3 and n = 9, is also given. It can be
seen that (3) fits the present data very well in the
wide interior region between the two cylinders except
within the viscous regions near the surfaces. A sim-
ilar relation to (3) has been used in unidirectional
flows such as pipes and boundary layers over plane
surfaces with C' = 8.3 and n = 7 (Hinze, 1975). Re-
cent theoretical works of Barenblatt (1993), George,
Castillo & Knecht (1993) and Oberlack (1998) sug-
gest that algebraic relation (3) will fit the data better
over larger regions than that of (1) in parallel turbu-
lent wall shear flows. The present results show that
this may also be applicable to the turbulent Taylor-
Couette flows.

Nakamura et al (1981), from the measured veloc-
ities near a cylinder rotating in nearly unbounded
fluid, found that their results fit the relationship,

VR _ V.
r =

Ve (r? — R2)R,
i 2ur?

with 22 = 0.64 and D = 1.8. In figure 4, the present
results are plotted according to the scaling of Naka-
mura et al (1981). Also shown in the figure is relation
(4) with & = 0.64 and D = 3.9. It can be seen from
the figure that the present data from the bounded
flows at two different gap widths collapse together
using the scaling of Nakamura et al (1981) for results
near the inner cylinder surfaces, with a different val-
ues for D. Away from the surface, the data departure

: Vel (F2—R%)Ry
from (4) systematically. For ———_—— < 10, the
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Figure 4: Mean velocity profiles normalized using
the scaling of Nakamura et al (1981).

data from the small cylinder do not follow the scaling
of Nakamura et al (1981).

DISCUSSION AND CONCLUSIONS

The velocity fields between the turbulent Taylor-
Couette flows have been measured using a two com-
ponent LDV system at two large gap widths and high
Taylor numbers and analyzed using various scalings.
The results are consistent qualitatively with the re-
sults from Smith & Townsend (1982), measured using
hot wires for the same flow at smaller gap width. It
is found that mean velocities collapse under the inner
scaling as suggested by Smith & Townsend (1982),
and fit the logarithmic law as used in unidirectional
wall shear flows, but, with different constants in the
near wall regions. The same law with the same con-
stants as in unidirectional flow cannot be fitted to the
data in any region. Also it was found that a power
law relationship as suggested by recent theoretical
works seems to fit the data over the wide gap except
within the two thin layers near the cylinder surfaces
(Art < 10). The fact that different laws from those
used in unidirectional wall shear flows need to be used
suggests that the streamline curvature has an effect
on the flow almost to the surface of the cylinder.
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