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Flow between concentric cylinders with the inner cylinder rotating and an axial pressure
gradient imposed in the annulus reveals a rich variety of flow regimes depending on the flow
conditions. The occurrence of these flow regimes was studied experimentally by both
visually and optically detecting the transition from one flow regime to another over a wide
range of Taylor numbers for moderate axial Reynolds numbers. Seven flow regimes
of toroidal vortices were identified, including Taylor vortices, wavy vortices, random wavy
vortices, modulated wavy vortices, .turbulent modulated wavy vortices, turbulent
wavy vortices, and turbulent vortices. The toroidal vortices in these flow regimes look similar
to the corresponding vortices when there is no axial flow, except that they translate with
the axial flow at a speed slightly greater than the bulk axial velocity. Three flow regimes of
helical vortices were observed at low Taylor numbers, including laminar helical vortices,
stationary helical vortices, and wavy helical vortices. Depending on the flow parameters, the
helical vortices had both positive and negative helix angles with respect to the bulk flow
and appeared either stationary or moving downstream. Another flow regime consisting of the
repeating sequential appearance of turbulent wavy vortices, turbulent helical vortices,
and turbulent vortices was also observed.

I. INTRODUCTION

The superposition of circular Couette flow and
pressure-driven axial flow in an annulus results in a situa
tion where two mechanisms for instability are present. The
curved streamlines of the circular Couette flow can result
in a centrifugal instability, and the axial flow can result in
a shear instability. The stability of the axial flow through
an annulus with a rotating inner cylinder is important in
several engineering applications, including journal bear
ings, biological separation devices, and rotating machinery.

Taylor's analysis of the stability of circular Couette
flow can be extended to include an axial flow in the annulus
for the transition from laminar Couette-Poiseuille to axial
flow with toroidal Taylor vortices. The .first such analyses
were for the case of axisymmetric disturbances in a narrow
annular gap,I,2 later extended to arbitrarily wide annular
gaps.3,4 The resulting flow instability consists of toroidal
Taylor vortices translating with the axial flow. When the
restriction to axisymmetric disturbances is relaxed to allow
asymmetric disturbances, the appearance of pairs of
helical5 vortices is predicted for axial Reynolds numbers
above a transition value.6-8 The inclination of the helical
vortices is opposite that of the path of the stable circular
Couette flow with an imposed axial flow. Experimental
evidence confirms that the vortices are toroidal at low Rey
nolds numbers and become helical at higher Reynolds
numbers.7,9,10 In all cases, the axial flow stabilizes the cir
cular Couette flow, such that transition to Taylor vortex
flow occurs at a higher Taylor number than with no axial
flow.9-13 Recently, the transition from stable circular Cou
ette flow to traveling Taylor vortex flow has been studied in
an attempt to distinguish between absolute and convective
instability:14,15

All the studies mentioned above were concerned with

the first instability transition: from laminar Couette
Poiseuille flow to translating toroidal vortex flow or helical
vortex flow. The earliest study of higher-order instability
transitions was undertaken by Kaye and Elgar16 and ex
tended by others. 17,18 Kaye and Elgar varied the flow over
a wide range of Taylor numbers and axial Reynolds num
bers and found two flow regimes in addition to laminar
Couette-Poiseuille flow and Taylor vortex flow. At high
Taylor numbers they found a flow regime consistirig of
turbulent Taylor vortices, and at high Reynolds numbers
they found fully turbulent flow with no vortices. Their
results indicate that the transition from laminar nonvorti
cal flow to vortex flow is stabilized by the axial flow, while
the transition from laminar flow to turbulent flow is desta
bilized by the circular Couette flow.

In the absence of axial flow, several other unstable flow
regimes consisting of toroidal vortices have been experi
mentally observed as the Taylor number is increased.
These flow regimes include wavy vortex flow, modulated
wavy vortex flow, and several regimes of turbulent vortex
floW. 19,20 As a result of the experimental techniques that
they used, the Kaye and Elgar study and its extensions did
not differentiate between these different regimes known to
exist for zero axial flow. However, Schwarz et af. 10 identi
fied the appearance of laminar wavy vortex flow for non
zero axial flows. They found that, like the first instability,
the transition from Taylor vortex flow to the wavy vortex
flow is delayed to a higher Taylor number when an axial
flow is imposed. Two other studies have mentioned higher
order transitions and flow regimes that are the focus of the
research presented here. Kataoka et al. 21 present a map of
the flow regimes in the Taylor number-Reynolds number
plane for circular Couette flow with an imposed axial flow,
although they offer a minimal explanation of their experi
mental methodology or their results. Biihler and Polifke22
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FIG.!. Sketch of cylinder system (dimensions are in centimeters).
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ports resulting in a spiral flow that uniformly distributes
the fluid. An aluminum honeycomb ring with cells of 0.1
cm diam and 0.5 cm long removes the azimuthal compo
nent of velocity and directs the fluid axially. The fluid
moves axially through a contraction section, finally passing
through a series of three stainless steel screens with a mesh
size of 0.1 cm to suppress any large eddies. The inlet ports,
honeycomb flow straightener, and the screens are all fixed
to the upper end cap. The flow distributor is designed so
that the annular gap at the exit of the flow distributor is
identical to the annular gap between the inner rotating
cylinder and the outer stationary cylinder. Visualization of
the flow in the test section just below the lowest screen with
no inner cylinder rotation shows a circumferentially uni
form axial flow. The fluid exits the annulus by flowing
radially in the 2 mm gap between the lower end wall of the
inner cylinder and the lower end cap. Flow visualization
using a sheet of laser light in a radial plane shows that
vortices reaching the end of the annulus simply slip radi
ally inward between the inner cylinder and the lower end
cap with no visible influence upstream in the annulus.

Fluid flows out of the lower end cap through an elec
tromagnetic flow meter to a reservoir. The fluid is pumped
from the reservoir to a constant head tank mounted above
the cylinder system. The constant head tank supplies the
fluid to the inlet ports in the upper end cap of the cylinder
system. The axial flow rate is adjusted by varying both the
level of the constant head tank and a valve downstream of
the cylinder system.

The working fluid was a mixture of deionized water
and glycerol with a typical kinematic viscosity of 0.04

II. EXPERIMENTAL APPARATUS AND PROCEDURE

Experiments were performed using a cylinder system
shown in Fig. 1. The outer cylinder is made from a 10.379
±0.011 cm Ld. (0.503 cm thick) transparent acrylic tube
that permits optical access. The inner cylinder is a 8.890
±0.OO3 cm o.d. acrylic tube with a length of L=30.5 cm.
The resulting radius ratio is T/=r/ro=0.848, and the as
pect ratio is r=Lld=41. The inside of the inner cylinder
was painted black to enhance contrast for flow visualiza
tion. The end walls of the inner cylinder are mounted on a
stainless steel shaft, and the assembly was trued on a lathe
to assure concentricity. The shaft turns in self-lubricating
bearings in the upper and lower end caps that are fitted to
the ends of the outer cylinder. The cylinders are concentric
to within ±0.003 cm. The inner cylinder is driven by a dc
motor with tachometer feedback control coupled to the
shaft above the upper end cap. The rotational speed of the
motor varied by less than 0.1 % over the course of an ex
periment.

Special care was taken to assure azimuthally uniform
axial flow into the annulus using a flow distributor in the
upper cap, as shown in Fig. 1. Fluid enters a deep annular
groove in the upper cap tangentially through four inlet

also present a map of the flow regimes for a limited range
of Taylor and Reynolds numbers. Since their emphasis is
on the helical vortex flow at low Taylor numbers, they do
not differentiate between nonwavy and wavy vortex flow or
other higher-order instabilities. Except for these studies
that briefly mention higher-order transitions, information
on flow regimes for circular Couette flow with an imposed
axial flow is not available.

The aim of the present work is to identify the flow
regimes for circular Couette flow with an imposed axial
flow in the annulus and to provide a map of the flow re
gimes in the Taylor number-Reynolds number plane. We
identify flow regimes known to exist for circular Couette
flow with no axial flow that were identified by Fensterma
cher et al.,19 but were not differentiated by Kaye and
Elgar. 16 We also identify flow regimes not previously de
scribed. Further, we provide more detailed results than
have been provided by either Kataoka et al. 21 or Buhler
and Polifke.22

In the present work the axial Reynolds number is de
fined as Re=wdlv, where w is the bulk axial velocity based
on the flow rate, d is the width of the annular gap, and v is
the kinematic viscosity. The Taylor number, which relates
the centrifugal forces to the viscous forces, has several dif
ferent forms. We use Ta=rp,dlv, where ri is the radius of
the inner cylinder and n is the rotational velocity of the
inner cylinder. This form of the Taylor number, often
called a rotating Reynolds number, is used because it is
simple and consistent with the form used in several recent
studies.6,19,20 However, it omits the effect of the radius ra
tio, T/=r/ro' where ro is the radius of the outer cylinder.
Another form of the Taylor number4 that includes the ra
dius ratio, such as T=Ta2[4(l-T/)/(l+T/)], may be ap
propriate for comparisons of data obtained at different ra
dius ratios.
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dicate up to three fundamental frequencies related to the
flow, along with their harmonics. The lowest frequency, lA'
results from the variation in the reflected laser light as
vortices translate downstream passing the illuminated re
gion. This frequency usually has the highest energy con
tent. Azimuthal waviness results in a second frequency, II,
as the waves pass the measurement location, causing a
variation in the reflected light. The modulation of the wav
iness results is a third frequency, 12, which is lower in
frequency than that caused by the azimuthal waviness.
Turbulence raises the spectral level at all frequencies due to
the random reflection of light. Figure 2 shows an example
of the power spectrum for wavy vortex flow indicating IA
due to vortex translation, II due to azimuthal waviness,
and several harmonics and frequency combinations. Al
though the power spectrum is helpful in identifying flow
transitions, a frequency component related to the flow of
ten gradually appears or disappears with increasing Rey
nolds or Taylor number. In this work, a frequency compo
nent was said to be present when it, or its harmonics, was
clearly evident above the noise level of the power spectrum.

After circulating the fluid and measuring the kinematic
viscosity, the axial flow to provide a given Reynolds num
ber was set by adjusting the axial flow valve downstream of
the cylinder with no inner cylinder rotation. An experi
ment began by increasing the Taylor number in increments
of I::i. Ta=20. Near the transition boundaries at low Taylor
number, the increment was I::i. Ta=2 to be assured of not
ing the transition with accuracy. Although the rotational
speed was adjusted manually, the rate of angular acceler
ation was kept at less than 0.3 rad/min2 by use of a stop
watch. The flow was allowed 5 min to reach equilibrium
before recording the photodiode signal and calculating the
power spectrum. Above Taylor numbers of 200, the Taylor
number was increased by increments of I::i. Ta= 100 until
turbulent Taylor vortices appeared at a Taylor number as
high as 2900. Flow regimes were identified by their spectral

FIG. 2. Spectrum of reflected light for wavy vortex flow with an axial
flow imposed showing the frequency of passage of vortices, fA' and the
frequency of the azimuthal waviness, fl.

cm2/sec. Titanium dioxide coated mica particles (Super
pearl 12Oc, Mearl Corp.) were added to the water-glycerol
mixture at a mass concentration of up to 0.25% to permit
flow visualization. The flakelike particles tend to align
themselves with stream surfaces and act as tiny mirrors
reflecting incident light to allow visualization.23 Although
problems have been noted in the use of reflective particles
in a vertical Taylor-Couette system,24 the small size of the
particles (5-25 {Lm across and about 0.5 {Lm thick) and the
motion of the fluid through the flow circuit prevented sed
imentation of the particles during an experiment.

To mix the particles and assure a uniform temperature
of the working fluid, it was circulated through the flow
system for at least 30 min prior to an experiment. A sample
of working fluid was filtered to remove particles and sev
eral viscosity measurements were made with a Cannon
Fenske viscometer. Based on the results of Andereck et al.
20 the low concentration of particles should have negligible
effect on the viscosity of the working fluid. As a check of
the viscosity measurement, the rotational speed at which
the transition from laminar circular Couette flow to Taylor
vortex flow was measured for the case of no axial flow and
compared to the analytically predicted Taylor number for
transition.25,26

Although visual observation of the flow is sometimes
adequate to detect the transition of the flow from one flow
state to another, often the transition is difficult to identify.
For instance, the transition from wavy vortex flow to mod
ulated wavy vortex flow is very subtle, because it is visually
observed as a slight flattening of the wavy vortex outflow
boundary,27 However, spectral analysis of a time
dependent property of the flow has been successfully used
to detect transitions from one flow regime to another since
a frequency component appears or disappears upon
transition. 19,20,27,28

In these experiments the time-dependent property of
the flow used to detect transitions was reflected light. A 15
mW He-Ne laser was used to illuminate a small region of
the annulus. A photodiode (EG & G model UV-360 BG),
positioned outside of the outer cylinder near the illumi
nated region of the annulus, sensed the light reflected from
the titanium dioxide coated mica particles suspended in the
working fluid. The photodiode was positioned about one
third of the cylinder height from the bottom of the inner
cylinder to avoid entrance and exit effects. The exact posi
tion of the sensing photodiode with respect to the illumi
nated region, while not critical, was adjusted to provide a
signal with the largest amplitude and clearest periodicity.
The photodiode signal was low-pass filtered to remove 60
Hz noise and then offset and amplified using home built
electronics to bring the signal into an acceptable range for
the analog-to-digital converter (GW Instrument MacA
DIOS II in a Macintosh II computer). Typically 512
points were sampled at 0.0625 sec intervals, and the power
spectrum of the signal was calculated with a frequency
resolution of 31.25 mHz. Ten power spectra were ensemble
averaged to reduce random noise that sometimes hides the
frequency components of interest.

The power spectrum of the photodiode signal can in-
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characteristics and confirmed by visual observation. In ad
dition, the frequency of axial and azimuthal waves passing
a fixed point on the outer cylinder was determined with a
stopwatch for comparison to the power spectrum. The
above procedure was repeated when the Reynolds number
was increased by an increment of either 3 or 5. In this way
a grid of measurement points was generated for Reynolds
numbers ranging from 0 to 37 and Taylor numbers ranging
from 0 to 2900.

Uncertainty in the Taylor number and the Reynolds
number results from variation in fluid viscosity due to tem
perature changes, asymmetries in the cylinder dimensions,
along with difficulties in measuring the rotational speed
and the axial volume flow rate. A particular problem in
this experimental apparatus is that the temperature gradi
ent in the room results in a higher fluid temperature at the
upper reservoir than at the cylinder or lower reservoir. For
Re>9 this is not a problem because fluid circulation results
in a well-mixed fluid of uniform temperature. At Re=O it
is also not a problem, since the vertical temperature gradi
ent is limited to the fluid in the cylinder and is very small.
However, at Re=3 and Re=6, the axial flow is too low to
promote adequate mixing to overcome the ambient tem
perature gradient in the room resulting in a significant er
ror in the value of the viscosity. At these Reynolds num
bers we estimate an uncertainty of 3%-4% for both the
Reynolds number and the Taylor number, primarily as a
consequence of the effect of temperature on the fluid vis
cosity. At higher Reynolds numbers and with no axial flow
the uncertainty in the Taylor number is less than 2%, and
the uncertainty in the Reynolds number is less than 1%.

As a check on the operation of experimental apparatus
with no axial flow, the ratio of the Taylor number for
higher-order transitions to the critical Taylor number for
the first transition, TalTaw was compared to the results of
Fenstermacher et at. 19 and Andereck et at. 20 for similar
radius ratios, 7]. While not identical, the Taylor numbers
for transition are similar, as shown in Table I. The largest
deviation is for the cases of the transition to turbulent
modulated wavy vortices and the transition to turbulent
Taylor vortices where the present results deviate from pre
vious results by 13%. Most likely the discrepancies in the
Taylor numbers for transition are a consequence of the
lack of a sharp difference in the character adjacent flow
regimes, even when using power spectra of the reflected
light to identify transition. Another problem is that differ
ent circumferential wave numbers for wavy vortex flow
have different Taylor numbers for transition.26 In addition,
different aspect ratios, measurement techniques, and exper
imental setups can contribute to discrepancies. Nonethe
less, the agreement between the present results and previ
ous studies indicates that the experimental apparatus
performs adequately.

III. RESULTS

The principal result of this work is the map of observed
flow regimes in the Reynolds number-Taylor number
plane shown in Fig. 3. The points shown on the figure
indicate the Reynolds number and Taylor number at which

TABLE I. Comparison of Taylor numbers for transition from one flow
regime to another.

Present
Ref. 20 Ref. 19 results

Radius ratio, "7 0.883 0.877 0.848
Aspect ratio, r 30 20 41
Theoretical Tacr" 122 119 108
Experimentally measured -120 Not given 108

Tacr
Type of flow TalTacr TalTacr Ta/Tacr

Taylor vortices 1.0 1.0 1.0
Wavy vortices 1.17 1.2 1.16
Modulated wavy vortices 8.2 10.1 _8.8d

Turbulent modulated 11.3 -12 ~12.5d

wavy vorticesb

~17.ldTurbulent wavy vorticesb 19.3
Turbulent Taylor vorticesb 21.9 ~23.6d

"Numerical calculations based on the linear stability analysis of Refs. 25
and 26.

bFenstermacher et al. 19 call these flows "weakly turbulent...."
cAndereck et al. 20 do not differentiate between the different regimes of
turbulent vortex flow.

dThese values are approximate since the Ta number was incremented in
steps of Ii Ta= 100. For instance, modulated ~~y vortex flow occurs for
900.;;Ta.;;IOOO, so Ta/Tacr was calculated as 108=8.8.

the flow was observed for Ta>300. The curves dividing one
flow regime from another are sketched between the points
where two different regimes were observed. While some of
the transitions are sharp, most are less distinct. Thus, the
curves sketched in Fig. 2 should not be construed as sharp
boundaries between flow regimes, but simply as a visual
guide. A map of the flow regimes for low Taylor numbers
is shown in Fig. 4. The acronyms for the flow regimes are
defined in Table II.

At low Taylor numbers, laminar circular Couette flow
superimposed with laminar axial Poiseuille flow (CP) ex
ists in the annulus. The theoretically derived transition to
Taylor vortex flow occurs at Ta= 108 for zero axial flow
based on linear stability calculations.25,26 The experimental
results agree closely with the theory, as shown in Fig. 4.
When an axial flow is present, the laminar Taylor vortices
(LV) move downstream with the axial flow, but otherwise
appear unaffected by the axial flow for Reynolds numbers
up to about 9, as shown in Fig. 5(a). The axial wavelength
of the vortex pair is 2.1d. The entering axial flow results in
a vortex-free region at the top of the annulus.

At higher Reynolds number the vortices are no longer
individual toroids, but form a pair of helical vortices with
an axial wavelength of 2.0d. The vortices are denoted HV
(helical vortices) in Fig. 4 and translate downstream, ap
pearing as shown in Fig. 5(b). This vortex has a negative
helix angle of 2.7° with respect to the direction of the flow,
which corresponds to the expected helix angle if the vortex
were shifted axially by 2d (one vortex pair) for each rev
olution. The helical vortices appear to move downstream,
as a result of the combination of the barber-pole effect of
rotation of the helical vortices and the translation of vor
tices in the downstream direction. Table III presents the
Reynolds number for transition from toroidal vortices to
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Laminar helical vortices
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Laminar modulated wavy vortices
Random laminar wavy vortices
Stationary helical vortices
Turbulent modulated wavy vortices
Transitional flow
Turbulent vortices
Turbulent wavy vortices
Laminar wavy vortices

dependence of the critical Taylor number on 7]. To avoid
this problem, a straight line was drawn from the value at
Re=20 to the critical Taylor number for zero axial flow.
Clearly, the present data for 7]=0.848, as well as the ex
perimental data for 7]=0.5,7 7]=0.738,14 and 7]=0.959

match the theoretical prediction.
Taylor vortex flow becomes unstable at Ta= 125 for

zero axial flow, and the vortices develop an azimuthal wav
iness. When an axial flow is imposed, the flow is similar in
appearance to wavy vortex flow with no axial flow, except
that the vortices translate downward. This flow, denoted
wavy vortices (WV) in Fig. 4, is shown in Fig. 7(a). These
vortices are axially elongated with an axial wavelength of
the vortices of 3.4d, substantially greater than that of other
flow regimes. As the Reynolds number is increased above
Re=9, the wavy vortices adopt a helical motion while re
taining their waviness. These helical wavy vortices (HWV)
are shown in Fig. 7(b) and move downstream with the
axial flow. The waviness is difficult to observe in the pho
tograph, although it was easily detected using the spectrum

TABLE II. Acronyms for flow regimes.

CP
HV
HWV
LV
MWV
RWV
SHV
TMW
TRA
TV
TWV
WV

v

V

V

V

\l

V10

20

30

Re

helical vortices for a variety of cases that have been stud
ied. The transition to helical vortex flow occurs at a some
what lower Reynolds number in the present case than in
other studies. The difference may be a result of the effect of
the finite aspect ratio on the flow.

The axial flow stabilizes the circular Couette flow, as
predicted in earlier studies. Figure 6 compares the results
for this first transition to the theoretical prediction of
Chung and Astill6 who provide results for radius ratios 7]
of 0.5, 0.75, and 0.95. Interpolation using a spline fit to the
Chung and Astill data provided the curve shown for 7]
=0.85 for Re;>20. However, a spline fit to the data was
inaccurate for Re < 20 because of the nonlinearity of the

2450 Phys. Fluids A, Vol. 4, No. 11, November 1992 Lueptow, Docter, and Min 2450









ACKNOWLEDGMENTS

FIG. 9. Number of azimuthal waves for wavy flow regimes at each mea
surement point.

A.D. was supported by the Deutscher Akademischer
Austauschdienst. This work was supported by grants from
Baxter Healthcare and the Whitaker Foundation.

3000

TV

TRA

_4_4_4_4~

2000 2500
Ta

o

IS. Chandrasekhar, "The hydrodynamic stability of viscid flow between
coaxial cylinders," Proc. Nat!. Acad. Sci. 46, 141 (1960).

2R. C. DiPrima, "The stability of a viscous fluid between rotating cylin
ders with an axial flow," J. Fluid Mech. 9, 621 (1960).

3M. A. Hasoon and B. W. Martin, "The stability of viscous axial flow in
an annulus with a rotating inner cylinder," Proc. R. Soc. London Ser. A
352, 351 (1977).

4R. C. DiPrima and A. Pridor, "The stability of viscous flow between
rotating concentric cylinders with an axial flow," Proc. R. Soc. London
Ser. A 366, 555 (1979).

5In this paper we avoid the term "spiral," which has been used in two
ways in previous studies of this flow. First, the term "spiral flow" has
been used to identify. the spiral path of a fluid particle associated com
bined stable laminar circular Couette flow and stable laminar pressure
driven axial flow. Second, the term "spiral vortices" has been used to

Re
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considered higher-order transitions. Figures 3 and 4 are the
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Several flow regimes that appear are similar to those
that exist for no axial flow, except that the toroidal vortices
are carried downstream with the axial flow. Helical vortex
flow appears at higher Reynolds nunibers to replace toroi
dal vortices. At low Taylor numbers both nonwavy and
wavy helical flows appear. In addition, a unique stationary
helical vortex (SHV) flow results that has a helix angle
opposite that of all other helical flows. At high Taylor
number and Reynolds numbers a turbulent helical vortex
flow was found, although this flow was not investigated in
detail. Two additional flow regimes (RWV and TRA)
were found that appear to be less-ordered combinations of
flow regimes bounding them. FUr1;her investigation of flows
at higher Reynolds numbers than used in this study are
necessary to complete the stability map for circular Cou
ette flow with an imposed axial flow.

IV. SUMMARY

While previous studies of the stability of circular Cou
ette flow with an imposed axial flow have been concerned
with the primary transition of the flow from stable

lent helical vortices have a positive helix angle. However,
the turbulent helical vortex appears to move downstream,
unlike the stationary helical vortex, displacing the turbu
lent wavy vortices. Before the entire annulus develops into
helical flow, new toroidal turbulent Taylor vortices appear
at the upstream end of the annulus and move downstream.
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points along the length of the annulus. The intermittent
appearance of this turbulent helical vortex flow in the tran
sitional flow regime suggests that a turbulent helical vortex
flow regime may exist by itself. Subsequent experiments
indicate that a flow regime consisting of turbulent helical
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The flow regime map shown in Figs. 3 and 4 is some
what different from that of previous researchers. Kataoka
et al. 21 indicate a gradual transition from laminar vortex
flow to turbulent vortex flow. They also only indicate a
small region of wavy vortex flow (WV) compared to the
results of the present work. However, direct comparison of
the results of Kataoka et al. with the present results is
difficult, because the radius ratio in their experiments, 7]
=0.62, was significantly smaller. In addition, the electro
chemical technique used in their experiments was probably
not very sensitive in identifying transitions from one flow
regime to another. Likewise, Buhler and Polifke22 offer a
stability map for low Taylor numbers that has some simi
larity to our results with regard to the appearance of heli
cal vortex flow regimes. However, their results lack suffi
cient detail about the transition boundaries between flow
regimes for direct comparison.

Although this study was not intended to measure the
drift velocity of the vortices as they translate axially in the
annulus, we note that the typical drift velocity for toroidal
vortices calculated from the frequency of passage and vor
tex wavelength measured from the photos was 1.0-1.4
times the bulk axial velocity, regardless of the flow regime.
The typical drift velocity for helical vortex flow was 1.5
1.8 times the bulk axial velocity, except for stationary spi
ral flow, where the vortices did not translate. The higher
drift velocity for helical flow is a consequence of the com
bination of the downstream translation of the vortices and
the apparent translation of vortices due to rotation of the
helix, or the barber-pole effect.

The integral number of azimuthal waves for wavy vor
tex flows, m, was determined from the reflected light spec
tra using the relation m:::::0.34ll/ll , where II is the rate of
rotation of the inner cylinder and II is the azimuthal wav-
. f 27 32 Th' 1 h k .mess requency.' IS resu twas c ec ed Visually by
counting azimuthal waves for several cases. A map of the
number ofazimuthal waves is shown in Fig. 9. The number
of azimuthal waves decreases with increasing Taylor num
ber as it does with no axial flow. 32
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