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Abstract – The flow in the annular gap d = Ro - Ri between a stationary outer cylinder of radius
Ro and a co-axial rotating inner cylinder of radius Ri is characterised at large gap, over the radius
ratio (η) range 0.44 ≤ η ≤ 0.53 and aspect ratio (Γ) range 7.81 ≤ Γ ≤ 11.36. These configurations
are more representative of turbomachinery bearing chambers and large rotating machinery than
the journal bearing geometries of narrow gap commonly reported in the literature. Particle Image
Velocimetry measurements are taken across the full meridional plane over the Taylor number (Ta)
range 258 × 103 ≤ Ta ≤ 10.93 × 106, which is 1000 times higher than the critical Taylor number
for the onset of the first axisymmetric Taylor instability.
Well-defined azimuthal vortex structures persist over this high Taylor number range,
characterised by a constant number of vortices at a given aspect ratio, vortex core axial and
radial motion over time, and mixing between neighbour vortices. This regime, with wavy Taylor
vortex flow like features, is defined over the range 1.18 × 106 ≤ Ta ≤ 6.47 × 106. These results
form a body of experimental evidence from which further progress in the understanding of the
wavy Taylor vortex dynamics can be sought, through advanced flow dynamic models that
reproduce the persistence of the observed flow features. Copyright © 2015 The Authors.
Published by Praise Worthy Prize S.r.l.. This article is open access published under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).

Keywords: Particle Image Velocimetry, Concentric Cylinders, Wide Gap, Taylor Vortices,
Meridional Plane PIV, High Taylor Number Flow

Nomenclature
d
L
N
r
Re
Ri

Gap width between the cylinders
Length of the cylinders
Number of samples
Radial coordinate
Reynolds number
Inner cylinder radius

Ro
Ta
Tac
T
W
X
Y
Z

x
xi

Outer cylinder radius
Taylor number
First critical Taylor number
Torque
Work rate input
Axial coordinate
Flow-normal coordinate
Transverse coordinate
Standard deviation
Ensemble average of x









1

Inner cylinder rotational speed

2

Outer cylinder rotational speed

I.

Introduction

The flow in the gap between concentric independently
rotating cylinders features in many aerospace engineering
applications. Prime examples are the lubricating flow
between rotating shafts of turbo-pumps in rocket engines
and of multi-spool turbofan engines and in the bearing
housing of high [1] and low [2] bypass aircraft engines.
This flow has attracted great attention over the years.
This dates back to 1888 and 1890, when Mallock [3] and
Couette [4] conducted independent experiments using
concentric rotating cylinders. Taylor’s experiment [5]
showed that, when the angular velocity of the inner
cylinder is increased above a certain threshold, the steady
Couette flow becomes unstable.
This leads to a new secondary steady state of
axisymmetric flow with regularly spaced vortices (Taylor
Vortex Flow). As the Taylor number increases, the
axisymmetric time-independent Taylor vortices change to
non-axisymmetric unsteady time-dependent wavy Taylor
vortices [5]-[8].
The hydrodynamic instability and the transition
between the different flow regimes where the outer

i th data point
Aspect ratio, L / d
Radius ratio, Ro / Ri
Circumferential coordinate, sin 1  Z / r 
Dynamic viscosity of the fluid, kg m-1 s-1
Kinematic viscosity of the fluid, m2 s-1
Density of the fluid, kg m-3
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cylinder is fixed and only the inner cylinder is rotating
   2 / 1  0  can be determined as functions of

This investigation focuses on the meridional plane,
which is extensively surveyed by Particle Image
Velocimetry (PIV) to characterise the flow features
emerging in the low radius ratio and low aspect ratio
cylindrical assembly, in which the inner cylinder is
rotating and the outer cylinder is fixed.
The main body of this paper is structured into four
sections. Section II presents the geometry of the coaxial
cylinders used in the experimental work, the test rig
instrumentation, and the experimental procedure.
The main experimental results are reported and
discussed in section III. Specifically, section III discusses
the wavy Taylor vortex flow that develops in the annular
region of the coaxial cylinders at  = 0.53 and  = 0.44.
Conclusions from this research work are presented in
section IV, specifically, on what new knowledge has
been exposed.

different non-dimensional parameters.
These parameters are the ratio of the two radii
  Ri / Ro , the aspect ratio   L  Ro  Ri  , and the
Reynolds number Re  1 Ri d /  or the Taylor number
Ta :

Ta 

2 2 d 4  1 


1  2   

2

(1)

where Ri and Ro are the radii of the inner and outer
cylinder respectively, L is the length of the cylinders,
1 is the rotational speed of the inner cylinder,  2 is
the rotational speed of the outer cylinder, d is the gap
width, which is the distance between the outer diameter
(OD) of the inner cylinder and the inner diameter (ID) of
the outer cylinder, and  is the fluid kinematic viscosity.
Based on these parameters, several regimes of the
incompressible
flow
between
two
concentric
independently rotating cylinders at different radius ratios
have been investigated experimentally and documented
[5], [8]-[18]. The transition between different flow
regimes is reviewed by Di Prima and Swinney [19],
Kataoka [20] and Koschmieder [21].
There is a substantial body of literature on
configurations with radius ratio over the range 0.60
   0.95 and aspect ratio   20, which is likely to be
driven by the modelling simplifications that can be used
in the cases of small gap (   1 ) and large aspect ratio.
It is therefore of interest to further explore the flow
regime in a flow configuration at a high Taylor number
with the radius ratios over the range 0.40    0.60 and
aspect ratios over the range 7    12.
As the Taylor number increases, stability theory
predicts an increase in the number of natural modes of
the flow so that, at a high Taylor number, the flow kinetic
energy can distribute among many competing modes.
By analogy with multi-body dynamics from structural
mechanics, there may be an expectation that such a large
number of modes exchanging energy among one another
may result in a disorderly flow, with structures occupying
a broad-band wave-number spectrum.
Given that the first instability in the flow between
two-coaxial rotating cylinders occurs at a Taylor number
of order 103, it would perhaps be surprising to find the
persistence of structure and order in this flow at a Taylor
number above 106. Yet the current investigation revealed,
perhaps unexpectedly, the presence of well-defined
Taylor-like vortices at this high Taylor number range.
The present investigation does not wish to address
mode staging over this range of Taylor numbers upfront
but aims to provide a detailed body of experimental
evidence that constitutes the necessary groundwork for a
physics-based interpretation of this flow, upon which the
flow dynamic modelling community can test existing
models and build improved ones.

II.

Experimental Facility

Figs. 1 show a schematic of the experimental setup
and of the instrumentation. The test rig centrepiece is two
rotating concentric cylinders. The air flow between the
rotating inner cylinder and the stationary outer cylinder is
surveyed by PIV. The flow is illuminated by a laser
sheet, imaged by a CCD camera, and analysed by the
Dantec Dynamic Studio PIV software version 2.30.

(a)

(b)
Figs. 1. (a) PIV experimental arrangement for the wide gap Taylor
vortex flow apparatus and (b) view from the laser side

II.1.

Coaxial Cylinders

A schematic representation of the co-axial cylindrical
assembly is shown in Figs. 1 and is defined with respect
to the cylindrical reference system ( r, ,Z ). The test
section consists of a rotating inner cylinder and a
stationary outer cylinder.
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The main test rig specifications are summarised in
Table I. The thickness of the outer cylinder wall is 3 mm.
The inner cylinder is rotated by a DC electric motor
driven by a solid-state speed controller.
The inner cylinder is made of PVC. The inner cylinder
is black coated to minimize the reflection from the
impinging light sheet from the laser. The outer cylinder
is made from a perspex transparent tube to enable
visualisation studies and PIV measurements.
TABLE I
GEOMETRY OF THE TEST CASES
Description
Test case 1
Inner cylinder length
0.5 m
Outer cylinder length
0.52 m
Inner cylinder outer diameter
0.05 m
Outer cylinder inner diameter
0.094 m
Gap width
0.022 m

II.2.

The rotational speed of the inner cylinder shaft was set
and monitored by a hand-held laser micro-processor CT6
series tachometer with a measurement range from 3 rpm
to 99,999 rpm. During each test, the speed was kept
constant within ±1 rpm. The speed was translated to the
tangential velocity of the inner cylinder using v  1 Ri ,
where v is the velocity (m/s). The room temperature of
the air was monitored using a mercury-in-glass
thermometer. The temperature of the air and seeding
particle mist in the annular gap between the cylinders
was measured before and after each set of data
acquisition using a K-type thermocouple to check for
temperature fluctuations. This was found to be within
±0.5oC of the ambient temperature. The atmospheric
pressure of the working fluid was measured using a
standard mercury in glass column barometer.
A sanity check was performed on the temperature
increase due to the work done on the enclosed fluid by
the rotating inner cylinder. An estimate of the torque T
normalised by the fluid density  , kinematic viscosity
 , and cylinder length L , was obtained from the
empirical correlation of Wendt [23]:

Test case 2
0.5 m
0.52 m
0.05 m
0.119 m
0.032 m

Instrumentation

The layout of the PIV equipment is shown in Fig. 1(a).
The layout is made up of three sections, which are the
laser sheet creation section, the test section, and the
image recording section. The laser sheet creation section
comprises of a two-cavity double-pulsed Nd:YAG Litron
L Nano laser and of the laser sheet optics. A trigger rate
of 4 Hz is used to generate the light sheet.
A plano-convex spherical lens with an anti-reflective
coating is positioned between the laser and the test
section as shown in Fig. 1(a) to enable concurrent PIV
measurements in the rectangular areas of illuminated
flow either side of the inner cylinder. This makes this
PIV setup unique with respect to previous experimental
investigations of Taylor-Couette flow.
A Dantec Dynamics Studio seeding generator, model
10F03, is used to atomize a mixture of 20% polyethylene
glycol (PEG600) and 80% water to produce seeding
particles. This resulted in rich and well-diffused seeding,
as shown in Fig. 3. The flow is imaged by a Dantec
Dynamic Studio FlowSense 4M CCD camera with a
resolution of 2048 × 2048 pixels with a 60 mm AF Micro
Nikon image lens, operated at a frequency of 4 Hz with
an f/4 aperture. The CCD camera is placed at a right
angle to the light sheet, as shown in Fig. 1(a). The CCD
camera resolution of 2048 × 2048 pixels with a field of
view of 250 mm gives a spatial resolution of 0.122
mm/pixel for both test cases.
During image processing, raw particle image pairs are
cross-correlated using the adaptive correlation algorithm
of Dantec-Dynamics Studio PIV software version 2.30,
starting from a 32 × 32 pixel interrogation area and
ending with 16 × 16 pixel interrogation areas with a 50%
overlap. The average particle displacement was estimated
to be approximately six pixels, which is less than 50% of
the interrogation area, in agreement with the PIV
measurement best practice recommended by Raffel et al.
[22]. Validation algorithms are applied to the raw
velocity vector map so that erroneous vectors can be
detected and removed to produce a validated vector map.

T

 v2 L

 1.45

3/ 2
Re1.5
1  7 / 4

(2)

reported in Lathrop et al. [24], for Test case 2.
The highest rotational speed 1 = 650 rpm was used
in this estimate, to obtain the highest work rate input to
the flow as W  T 1  1.18 × 10-3 Watts. Upon running
the experiment for 20 minutes continuously, 1.41 Joules
of heat would produce a temperature rise of 0.56 K under
adiabatic wall conditions.
This agrees with the small temperature fluctuation
measured in experiment. The empirical constant in
Wendt [23] has since been derived by analogy to
stratified flows in Dubrulle [25], giving further
confidence in this estimate.
II.3.

Experimental Procedure

PIV measurements for the test cases specified in Table
I are conducted along a 250 mm axial length of annulus
between the rotating inner cylinder and the stationary
outer cylinder. The field of view and the nondimensional flow parameters for the test cases are
summarised in Table II and in Table III respectively.
End-walls are fixed to the left and right sides of the
stationary outer cylinder. The end-walls are stationary
with the outer cylinder. The end-walls are made from
black Perspex sheet to prevent laser sheet reflections.
One end-wall has a slit through which the laser sheet
enters the annulus, as shown in Fig. 1(b). Measurements
are taken as the inner cylinder is rotated at the different
angular speeds 1 listed in Table III. Each measurement
is taken at constant 1 .
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The start-up procedure for all the test cases in this
work is a sudden start condition in which the target
rotating speed of the inner cylinder is reached within one
second. The average room temperature during the
experiments was 22.5 ±0.5oC. Since the temperature
excursion during the experiments was ±0.5oC, the results
have not been corrected for thermal effects.

average is such that, by taking and averaging more PIV
vector maps, the average is unchanged.
Previous research by Prasad [26] on PIV vector map
averaging indicated that the number of PIV raw particle
image pairs required to obtain a converged vector map
average ranges from 25 to 250. During initial testing, it
was determined that a minimum of 30 images is required
to obtain statistically converged engineering accurate
PIV results.
In this work, the method used to determine the
convergence of the PIV data involves a quantitative
analysis of every vector in the vector map, by estimating
the mean velocity magnitude and standard deviation from
N > 25 PIV image snapshots at every single point in the
flow. This method involves the following procedure:
1. Acquiring a number of N > 25 images and taking the
time velocity magnitude ensemble average   xi  of

TABLE II
EXPERIMENTAL FIELD OF VIEW AREA
Description
Test case 1
Test case 2
Axial length of
0  X / Ri  10
0  X / Ri  10
the view area
Radial length of
1.88  r / Ri  1.88
2.28  r / Ri  2.28
the view area
Aspect ratio Γ
11.36
7.81
Radius ratio η
0.53
0.44
Clearance ratio
0.88
1.28

Description
Test case 1
Test case 2

TABLE III
FLOW TEST CONDITIONS
Angular speed (rpm)
Taylor number
500
2.35 × 106
650
10.93 × 106
500
6.47 × 106
355
3.26 × 106
302
2.36 × 106
214
1.18 × 106
100
2.58 × 105

the N PIV image snapshots at every single point xi
in the flow field.
2. Estimating the standard deviation   xi  at every
single point xi .
3. Estimating the relative uncertainty in the mean



velocity magnitude  /  N

xi .
4. Estimating the space averaged value of the relative

The seeding particles in the test section were
illuminated by a light sheet of approximately 1 mm
thickness shone through the slit as shown in Figs. 1. One
hundred image pairs were acquired by the CCD camera
controlled by the Dantec Dynamic Studio software.
The image recording method is the double framesingle exposure recording technique. The time interval
between the two frames depends on the inner cylinder
rotational speed and ranges from 750 μs at 650 rpm to
7500 μs at 100 rpm. The statistical processing of the
ensemble of 100 instantaneous velocity fields, data
validation, removal of erroneous data, replacement of
removed data, and data smoothing was carried out using
Dantec Dynamic Studio software. The Dantec Dynamic
Studio range validation and the moving average
validation algorithms were employed.
The experimental matrix in Table III was constructed
to test for the effects of radius ratio and aspect ratio
independently from the inner cylinder rotational speed.
Test case 1 and Test case 2 were first run at the same
rotational speed. Then these were re-tested at the same
Taylor number of 2.35 × 106. The Taylor number effect
was further tested by halving the Taylor number from
2.36 × 106 to 1.18 × 106 and from 6.47 × 106 to 3.26 ×
106, for test case 2. Finally, test case 2 was run at the
upper and lower 1 operational limits of the test rig.
II.4.

 at every single point



uncertainty  /  N



over all points in the vector

Mean of the PIV relative uncertainty (%)

map.
5. Steps 1 to 4 are repeated with an increasing number
of images N .
Fig. 2 shows the results obtained from implementing
this five-step procedure. As shown in Fig. 2, the mean
relative uncertainty in the ensemble averaged velocity
decreases monotonically with increasing number of PIV
images.
In Fig. 2, from the analysis of 30 images, the mean
relative uncertainty of the ensemble averaged velocity is
about 22%.
As the number of PIV images increases to 90, this
value drops to approximately 6.5%.
25
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PIV Measurement Accuracy
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The convergence of the PIV data is assessed by testing
whether a certain number of PIV raw particle image pairs
are enough to obtain a vector map average with a low
statistical uncertainty. A converged PIV vector map

Fig. 2. PIV data convergence based on the mean
of the relative uncertainty in the velocity magnitude
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As the number of PIV images increases further,
between 100 and 120 images, the mean relative
uncertainty in the PIV velocity becomes nearly constant
at approximately 5.5%, suggesting that taking more PIV
data is unlikely to change this result significantly.
This result shows that the PIV data in this work can be
taken as statistically converged when the number of PIV
raw particle image pairs is ≥ 100.

The cell boundaries are neatly displayed by thin
regions of rarefied PIV seeding.
These images also suggest that the locations of these
boundaries may be stationary, since their motion would
have promoted local mixing of the local flow with the
neighbouring PIV seeding rich flow. At the higher
angular speed of 214 rpm, the flow appears to have
changed to a Wavy Taylor vortex flow regime.
The boundary between neighbouring vortex pairs is
less clearly defined. The change in seeding particle
concentration at the cylinder mid-span region still
enables the identification of Taylor vortex cells but timedependent changes in their axial position and size are
likely be promoting axial flow mixing that appears to be
more active towards the cylinder end walls. The PIV
result at 1 = 214 rpm shows that there is mixing of
fluid between the adjacent vortices.
Above this angular speed, the fluid between the
adjacent vortices is fully mixed and it is not possible to
easily visualise individual vortices, as shown at 1 =
500 rpm in Fig. 3. The PIV seeding becomes rather
uniform from 500 rpm, therefore PIV measurements and
flow visualisation images obtained at higher rotational
speeds are not reported, since, by themselves, they do not
provide additional information on the flow.
The instantaneous velocity field was obtained in time
at various angular speeds by PIV. The velocity vectors in
Fig. 4 shows a sequence of five instantaneous velocity
fields. As in Fig. 3, the lower portion of the meridional
plane,    / 2 , is reported, with the upper portion
giving symmetric results. These vector maps are
representative of the trend observed throughout a set of
100 vector maps at different angular speeds. At each
angular speed in Fig. 4, the wall of the rotating inner
cylinder is on the top side and the wall of the stationary
outer cylinder is on the bottom side.
Fig. 4 shows evidence of transition in the flow regime
from Taylor vortex flow to wavy Taylor vortex flow
between 1 = 100 rpm and 1 = 214. The velocity
vectors of Fig. 4 indicate the wavy Taylor vortex flow
regime is maintained over the range 1 = 214 rpm to 1
= 500 rpm. The four pairs of counter-rotating Taylor
vortices at 1 = 100 rpm are still observable over this
range.

III. PIV Results and Discussion
This section discusses the flow features observed in
the annulus of the coaxial rotating cylinders, obtained
from the PIV measurements. Firstly, the flow regimes
that are obtained by running the cylinder of aspect ratio
 = 7.81 and radius ratio  = 0.44 at different angular
velocities are discussed. The range of angular velocities
is limited by the solid-state motor controller at the lower
end and by the centripetal loads on the rotating cylinder
structure at the upper end.
The results reported represent the full operating range
available in the experiment. Within this range, the
transitions from Taylor vortex flow to wavy vortex flow
and, at higher angular speeds, to Turbulent Taylor Vortex
Flow, are observed. This is followed by the detailed
description of the vortex flow structure for the test cases
with aspect ratios  = 11.36 and 7.81, and radius ratios
 = 0.53 and  = 0.44. All the velocity fields have been
normalised by the inner cylinder tangential speed 1 Ri .
The axial length in the PIV results has been
normalised by the inner cylinder radius Ri for
consistency with the view area normalisation in Table II.
III.1. PIV Flow Regime in the Tests
Many researchers on Taylor vortex instability [21],
[27]-[31] attempted to define the thresholds for the onset
of Taylor flow regimes in the rotating cylinders based on
the Taylor number and radius ratio. Based on the
geometry of the apparatus and the flow parameters in
Table II and Table III, the Taylor number for the test
cases in this work is above the first critical Taylor
number Tac .
As such, Taylor instability is expected to characterize
the flow. This is confirmed by PIV measurements and
flow visualisation obtained at different inner cylinder
angular velocities 1 .
Fig. 3 shows three samples of the imaged flow with
PIV seeding at varying angular speeds. The lower portion
of the meridional plane,    / 2 , is reported, with the
upper portion giving symmetric results. At 1 = 100
rpm, the result shows typical characteristics of Taylor
vortex flow, in which an axial stack of well-defined and
ordered Taylor vortex cells develops.
The cells appear as regularly spaced, with welldefined boundaries, resulting in the agglomeration of the
PIV seeding towards the cell-centres.

100 rpm

214 rpm

500 rpm

Fig. 3. PIV cross-section of the flow regimes for Taylor vortex flow
and Wavy vortex flow
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III.2. Characteristics of the Flow Regime in the Tests

This pattern is modulated by the waviness of the flow
and the boundaries between neighbouring vortices are
neither flat nor perpendicular to the cylinder axis. This
flow pattern is described in detail in section III.2.
By 1 = 650 rpm, Fig. 4 shows that the flow regime
has developed turbulent flow features, as the flow field
appears to be characterised by randomness and distorted
regular Taylor vortices can be clearly seen. There is
breakdown of axial periodicity in the flow pattern.
The flow field at 1 = 650 rpm shows large-scale
motion with many small-scale vortices embedded within
it. This is a recognisable feature of turbulent flow in
which the time evolution is stochastic rather than
deterministic. The flow field is changing so that it was
not possible to observe the recurrence of any one pattern
of vortices, or vector field image, in all the 100 PIV
snapshots. In some snapshots, Taylor vortices are not
identifiable in the fully irregular turbulent flow and, at
other times, distorted Taylor vortices are present that
cannot be easily distinguished in the background
turbulent flow. This flow pattern can no longer be
described by well-defined Taylor vortices, although
structures associated with the Taylor vortices remain.
This is indicative of a further change in the flow regime
to Turbulent Taylor vortex flow.

On the basis of the Taylor number and the radius ratio,
the current test cases  = 11.36 and  = 7.81 could fall
respectively into the Modulated Wavy Vortex Flow
(MWVF) and Turbulent Taylor Vortex Flow (TTVF)
flow regimes according to the flow stability map reported
in Andereck et al. [13]. However, the analysis presented
in sections III.3 and III.4 shows evidence of Wavy
Vortex Flow for both test cases.
III.3. Analysis of the Flow Structures at 500 rpm
The evolution of the instantaneous flow field in time
was obtained in order to improve the understanding of
the flow regime that develops in the annular region of
these test cases. The velocity vectors in Figs. 5 show a
sequence of three normalised instantaneous velocity
fields in the meridional plane    / 2 .
The meridional plane is the plane imaged by the CCD
camera in the experimental setup of Figs. 1. The velocity
fields are taken in quick succession at recording times t
= 0.0 s, t = 0.25 s, and t = 0.50 s, with the time
increasing in Fig. 5 from bottom to the top, as shown by
the arrows. In each time frame in Figs. 5, the wall of the
rotating inner cylinder is on the top side and the wall of
the stationary outer cylinder is on the bottom side. Fig.
5(a) and Fig. 5(b) show respectively six pairs and four
pairs of counter-rotating Taylor vortices in the annulus
between the rotating inner cylinder and the stationary
outer cylinder for test cases  = 11.36 and  = 7.81.

(a)
Fig. 4. Instantaneous velocity vectors in the meridional plane
(    / 2 ) when the inner cylinder rotates at 1 = 100 rpm, 214
rpm, 302 rpm, 500 rpm, and 650 rpm.  = 7.81,  = 0.44

By altering the rotational speed 1 , this experiment
has enabled to observe the transition from Taylor vortex
flow to Wavy Taylor vortex flow and, subsequently to
Turbulent Taylor vortex flow. This has determined the
approximate range of 1 for Wavy Taylor vortex flow.
The remainder of this paper is concerned with
examining closely the vortex flow structures for two
different test cases  = 11.36,  = 0.53 and  = 7.81,

(b)
Figs. 5. Instantaneous velocity vectors in the meridional plane
(    / 2 ). (a)  = 11.36,  = 0.53 and (b)  = 7.81,  = 0.44.
Time sequence t = 0.00 s (bottom), t = 0.25 s (middle)
and t = 0.50 s (top)

 = 0.44 at 1 = 500 rpm, with specific attention to the
fluid dynamics observable from PIV.
Copyright © 2015 The Authors. Published by Praise Worthy Prize S.r.l.
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III.4. Time Averaged Velocity Vector Maps

The flow in the middle of each vortex pair is driven
from the inner cylinder towards the outer cylinder by the
vortex pair induced velocity. This creates outward flow
(outflow) regions. Similarly, neighbouring vortex pairs
drive the flow from the outer cylinder towards the inner
cylinder, creating inward flow (inflow) regions.
The flow pattern in Figs. 5 is characterized by vortex
contraction, expansion, and undulation. There is
significant cyclic transport of fluid between vortices. The
boundaries between adjacent vortices are dynamic, with
their position and orientations changing with time.
The inflow and outflow regions are not uniform and
not perpendicular to the cylinder walls. As such, the
inflow and outflow boundaries are twisted at an angle.
At the boundaries of the inflow and outflow regions,
there is a slight displacement of the radially aligned
velocity vectors in the axial direction with time, though
not as evident as the vortex centre motion, as indicated
by the dashed line arrows in Figs. 5.
The observed flow features are evidence of the
presence of azimuthal waves that characterize the wavy
vortex flow regime described in section I. In Figs. 5, the
magnitude of the oscillations of the inflow and outflow
boundaries and of the vortex centres are not so
significant as to fully disrupt the main vortex flow
pattern, which prevents the flow from becoming fully
random and stochastic.
Considering the Taylor number at which the
measurements are taken, the vortex centre motion
suggests that the flow regime is the wavy vortex flow
that probably re-emerges at high Taylor numbers.
This may be related to the re-emergence of azimuthal
waves at high Reynolds numbers and larger aspect ratios
reported by Walden and Donnelly [12], Takeda [32],
Lewis and Swinney [33], and Wang et al. [34].
Alternatively, the sudden start condition of this
experiment may have by-passed some of the intermediate
stages of the Taylor vortex flow development during the
fast spooling-up, with the flow settling as a wavy vortex
flow.
The type of fluid mixing between adjacent vortices
reported by Wereley and Lueptow [35] at a high Taylor
number is evident in the instantaneous velocity vectors in
Figs. 5. The same authors observed that the axial motion
of the vortex centres is always greater than the radial
motion of the vortex centres at all Taylor numbers of
their experiment.
This is not the case in this work.
However, the flow pattern throughout the annulus
exhibits the main characteristics of wavy vortex flow.
The flow patterns in Figs. 5 show that it is possible to
observe wavy vortex flow for concentric cylinders with
low aspect ratio  < 25, where Walden and Donnelly
[12] did not observe wavy vortex flow in their
experiments in which  = 0.875.
The discrepancies in flow regime between this work
and that by Wereley and Lueptow [35] and by Walden
and Donnelly [12] may be attributed to the differences in
the radius ratio and aspect ratio among these studies.

Figs. 6 display the normalised ensemble averaged
velocity vector maps obtained from 100 pairs of PIV
images in the meridional plane of the annulus for the
present test cases.
In Figs. 6, the radial motion induced by the Taylor
vortices convects the fluid with high azimuthal
momentum near the rotating inner cylinder radially
outward, in the outflow regions between two adjacent
vortices in each vortex pair. Similarly, low speed fluid
near the stationary outer cylinder is convected radially
inward in the inflow regions between two adjacent pairs
of vortices. This redistributes the angular momentum of
the fluid across the annulus.
The consequent redistribution of flow mass across the
annulus affects the inward flow and the outward flow
velocity distribution. Thus, the radial outflow between
the vortices is stronger than the radial inflow, as
evidenced by the length of the velocity vectors in Figs. 6
close to the outer cylinder wall. The strong radial motion
at the outflow boundaries and the mixing of fluid
between the adjacent vortices are responsible for the
azimuthal waviness observed in Figs. 6 [35]-[38], which
is displaced on the measurement plane by the axial
change in the vortex centres between    / 2 and
  / 2.
The vortices in Figs. 6 are organised in a definite
pattern, in which the centres of a pair of vortices are
radially displaced in an alternate manner, such that when
the centre of one vortex is displaced toward the outer
cylinder, the centre of the next vortex inbounds is
displaced toward the wall of the inner cylinder.

(a)    / 2 (o),    / 2 (•)

(b)    / 2 (o),    / 2 (•)
Figs. 6. Normalised time average of the velocity vectors from the
PIV measurement in the meridional plane of the annulus, (a)  =
11.36,  = 0.53 and (b)  = 7.81,  = 0.44.
The reference velocity vector is 0.5 1 Ri
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The shifting of the vortex centres in the axial direction
is more prominent in the test case  = 7.81 than that in
the test case  = 11.36.
In order to improve the understanding of the degree of
the spatial oscillation in the test cases, the locations of
the Taylor vortex centres for the coaxial cylinders test
cases  = 11.36 and  = 7.81 are estimated. In this
study, the radial and axial coordinates of the Taylor
vortex centres are determined by the cross-sectional lines
algorithm described by Vollmers [39], which is based on
obtaining the difference between vortex induced velocity
extrema.
The axial coordinate X c and the radial coordinate rc
of each of the vortex centre are used to mark the centres
of the vortices in Figs. 6.
The same algorithm was also applied to 100
instantaneous velocity vector maps of the like of Figs. 5.
The procedure followed to determine the location of
vortex centres is detailed in Adebayo [40].
Fig. 7(a) and Fig. 7(b) display the spread of the vortex
centre positions in the axial and radial directions in the
meridional plane at the lower (    / 2 ) channel from
Figs. 5 and from likewise instantaneous PIV vector
maps. The spread is estimated from the analysis of 100
maps. The vertical orange bars show the minimum and
maximum radial displacement of each vortex centre at
   / 2 estimated from one standard deviation of the
100 vector maps, while the horizontal blue bars represent
the minimum and maximum axial displacement of each
vortex centre mean value at    / 2 .
Radial position of the vortex centres (r/Ri)

The instance at which the vortex centre is closest to a
wall corresponds to the instance that the fluid is winding
around the opposite side of the vortex. This results in an
axial transport of the flow in-bounds at    / 2 and
out-bounds at    / 2 . These two mass fluxes ought to
balance each other to satisfy the continuity of mass in
this enclosed flow. The radial translation of the vortex
centres may be related to the degree of axial flow [35].
In the regions near the end walls in Fig. 6(a), the radial
motion of the vortex centres can be described as being
out of phase because where one vortex moves radially
outward, the adjacent vortex moves radially inward.
The transfer and mixing of fluid between adjacent
vortices takes place in both the outflow and inflow
regions, indicating that vortex cells are not independent
in these two regions.
The velocity vector map of Fig. 6(b), for the test case
 = 7.81, is organised in a similar pattern as the velocity
vector map in Fig. 6(a). The salient flow features in these
regions are the same as the ones discussed in the context
of Fig. 6(a). The significant radial variation of the vortex
centre position along the axis approaching the end-walls
in Fig. 6(b) indicates that the flow regime is still that of a
wavy vortex flow. Close examination of the velocity
field in Fig. 6(b), Fig. 5(b) and the analysis of the
location of the vortex centres in Figs. 7 show the radial
displacement of the vortices. The axial displacement of
the vortex centres at    / 2 is not as evident in Fig.
6(b) as in Fig. 5(b). However, from Fig. 5(b) and Figs. 7,
there is clear evidence of axial and radial displacement as
well as waviness in the flow at  = 7.81.
The results obtained at  = 7.81 suggest that the flow
between neighbouring vortex pairs is coupled to a less
degree close to the outer cylinder than close to the inner
cylinder. Such radial dependence of the degree of
interaction between neighbouring Taylor vortex pairs
may have a practical implication for the development of
successful models of the Taylor cell dynamics in wide
gap configurations.
III.5. Vortex Centres
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A distinct pattern in Figs. 5 and Figs. 6 is the spatial
oscillation of the Taylor vortices resulting in the radial
and axial displacement of the vortex centres. For
instance, in Figs. 6, the radial displacement of the
vortices is clearly shown by the location of the vortex
centres. Comparing the vortices at    / 2 and those
at    / 2 with one another at the same axial position
in Figs. 6, an axial oscillation of the vortex centre
position is not so evident in these time-averaged velocity
vector maps, whereas it is more evident in the timedependent velocity vector maps of Figs. 5. The flow
patterns in Figs. 5 show that the vortex centres oscillate
in the radial and axial directions over time, as shown by
the solid arrows.
This is evidenced by the shift in the radial and axial
position of the vortex centres in the time sequence of
Figs. 5 about the solid arrows.
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Figs. 7. Spread of vortex centre axial and radial positions in the
meridional plane at    / 2 for the test cases
(a)  = 11.36 and (b)  = 7.81
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flow in their experiments in which  = 0.875.
Whilst it is known that, in general, the radius ratio and
the aspect ratio can influence the flow regime in the
annular gap between concentric cylinders, this
experiment gives the first substantial experimental
evidence of this occurrence in these high radius ratio and
low aspect ratio configurations. The characterising flow
features of wavy Taylor vortex flow were also observed
when the Taylor number was varied independently from
the radius ratio and the aspect ratio.
This work has provided a body of experimental
evidence that poses questions of both theoretical and
practical nature. From the theoretical viewpoint, it
challenges the flow dynamic modellers on whether these
features are rendered by the current models. The
presence of two confluent streams in the inflow region
may indicate a degree of coupling between neighbouring
vortex cells that is radially varying and perhaps lower
towards the outer cylinder wall. This may prompt further
progress in modelling wavy Taylor vortex flow, leading
to a more complete understanding of the flow dynamics.
The experimental evidence is of practical relevance to
the design of oil bearing chambers. Specifically, the flow
mixing between neighbouring vortex cells and possibly
the heat transfer rate are likely to be lower than from a
pattern of regularly spaced vortices in the axial direction.
This influences the migration of metal contaminants
between cells. A single magnetic plug is often used to
remove these particles, under the assumption that
substantial flow mixing between cells takes place. This
poses the question of how the newly observed flow
features affect the effectiveness of this single point metal
particle collection.

The bars in Figs. 7 show the extent by which the
vortex centres are displaced radially and axially in the
annulus.
The displacement of the vortex centres in these
directions results in the spread rate about the vortex
centre mean value in the axial and radial directions
shown by the plots in Figs. 7.
In agreement with the observation made in Figs. 6, the
time average positions of the vortex centres are displaced
toward the inner cylinder and toward the outer cylinder
in an alternating fashion, so that where the mean position
at    / 2 is towards the inner rotating cylinder at a
given X / Ri , the corresponding mean radial position of
the vortex centre at    / 2 at the same X / Ri is
towards the stationary outer cylinder.
In Fig. 7(a) and Fig. 7(b), although the spread of
vortex centres in the axial and radial positions of the
meridional plane at the upper (    / 2 ) channel was
not estimated, these figures clearly indicate that there
would be an overlap in the spread for both the upper and
lower channels.
The axial displacement of the vortex centres cannot be
compared directly with the radial displacement of the
vortex centres in Figs. 7, as both axes are not on the same
scale.
The axial variation of the vortex centre appears to be
small compared to the axial spacing of the vortices.

IV.

Conclusion

The majority of the past investigations on the Taylor
vortex flow focussed on large aspect ratio and low radius
ratio configurations, representative of the annular flow in
oil wells, or on high radius ratio (small gap width)
configurations, relevant to journal bearing flows.
This paper addressed the comparatively underexplored low aspect ratio and low radius ratio (wide gap
width) configuration, relevant to important engineering
applications such as lubrication bearing chambers.
Particle Image Velocimetry was applied to the flow
between concentric cylinders in two test cases of radius
ratio  = 0.53 and 0.44, aspect ratio  = 11.36 and 7.81,
speed ratio µ = 0, and Taylor number range 258 × 103
 Ta  10.93 × 106.
These PIV measurements show the transition from a
pattern of steady Taylor vortices to a wavy Taylor vortex
like regime and, subsequently, to turbulent Taylor vortex
flow, as the rotational speed of the inner cylinder was
increased in steps through the operating range of the test
rig. For both test cases, at 1 = 500 rpm, a flow with
wavy Taylor vortex flow like features is observed at a
Taylor number higher than the one indicated by
Andereck et al. [13] and by Di Prima and Swinney [19]
for transition to Modulated Wavy Vortex Flow.
At the low radius ratio of these tests, wavy vortex flow
was observed at an aspect ratio less than 25, where
Walden and Donnelly [12] did not observe wavy vortex
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