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A new flow regime in a Taylor–Couette flow
T. T. Lim, Y. T. Chew, and Q. Xiao
Department of Mechanical and Production Engineering, National University of Singapore,
10 Kent Ridge Crescent, Singapore 119260

~Received 15 December 1997; accepted 24 August 1998!

In this Brief Communication, we report a new finding on a Taylor–Couette flow in which the outer
cylinder is stationary and the inner cylinder is accelerated linearly from rest to a desired speed. The
results show that when the acceleration (dRe/dt) is higher than a critical value of about 2.2 s21, there
exists a new flow regime in which the flow pattern shows remarkable resemblance to regular Taylor
vortex flow but is of shorter wavelength. However, when the acceleration is lower than 2.2 s21, a
wavy flow is found to occur for the same Reynolds number range. To our knowledge, this is
probably the first time that such a phenomenon has been observed. For completeness, the case of a
decelerating cylinder is also investigated, and the results are found to be almost the same. ©1998
American Institute of Physics.@S1070-6631~98!01412-3#
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Since Taylor’s1 famous publication in 1923 on the sta
bility of a circular Couette flow between rotating cylinders
great deal of theoretical and experimental work has b
published on the flow stability between two concentric c
inders~see, e.g., Refs. 2–12!. In 1965, Coles6 was the first to
report the nonuniqueness of the wavy flow in the Taylo
Couette flow. He noted that for a given Reynolds number
many as 20–25 different states~characterized by axial wave
length and azimuthal wave number! were seen, and thes
states were found to be a function of the initial conditions
well as the manner in which the inner cylinder was acce
ated to the final speed. Although numerous studies~see Ahl-
ers et al.,2 Andereck et al.,3 Coles,6 Park et al.,10 and
Burkhalter and Koschmieder11,12! have shown the impor
tance of acceleration/deceleration in determining the fi
state of the flow, these investigations were somewhat lim
in scopes. For example, in Coles6 and Ahlerset al.,2 no
quantitative values of the acceleration/deceleration use
their investigations were given. Therefore, the path to wh
the flow is subjected is not accurately known. On the ot
hand, although Parket al.10 had provided quantitative value
of the acceleration, his investigation was limited only to t
onset of Taylor vortex flow~TVF!. Similarly, in the investi-
gation by Burkhalter and Koschmieder11,12 on the axial
wavelength of supercritical axisymmetric Taylor vortex flo
the accelerations used were restricted to only two extre
conditions ~i.e., ‘‘sudden start’’ and ‘‘quasi-steady’’!. The
lack of systematic study of the effect of acceleratio
deceleration on the Taylor–Couette flow motivated us
carry out the present investigation. Here, our attention is
cused primarily on the case of linear acceleratio
deceleration (6dRe/dt) that ranges from 0.02 to 200 s21,
and the Reynolds number~Re! varying from the onset of
Taylor vortex flow (Rec) to about 5 Rec . To our knowledge,
this is probably the first time that such a broad range
accurately known accelerations have been used.

The experiments were carried out in an apparatus c
sisting of an inner aluminum cylinder with outer radius
3231070-6631/98/10(12)/3233/3/$15.00
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R1575.5 mm, and a stationary outer precision perspex c
inder with inner radius ofR2594.0 mm. This gives the ra
dius ratio ofh50.8032. The height of the fluid between th
two cylinders is 0.935 m, resulting in the aspect ratioG
550.54. The Reynolds number is defined as Re5R1Vd/n,
whereV is the angular frequency of the inner cylinder,d is
the gap size between two cylinders, andn is the kinematic
viscosity. The acceleration is defined as the rate of chang
Reynolds number:a5dRe/dt5(R1d/n)dV/dt. The working
fluid is a mixture of 66% glycerin and 34% water with th
kinematic viscosity of 10.516 cS at the room temperat
27 °C. To visualize the flow, Kalliroscope AQ-100 reflectiv
flakes were added to the solution, and the resulting moti
were monitored and captured with the aid of a 5 W argon ion
laser and a charge-coupled device video camera.

In this study, the motion of the inner cylinder is con
trolled by a PC through a microstepper motor. Unless oth
wise, stated, the inner cylinder is accelerated~or decelerated!
linearly from rest~or from a given initial speed! to a prede-
termined speed, and the time interval between the initial
the final speed is adjusted to achieve the acceleration
quired. With the present setup, the maximum accelerat
deceleration which could be achieved isdRe/dt
>6200 s21, and the minimum acceleration/deceleration
dRe/dt560.02 s21 ~i.e., quasi-steady condition!. Note, how-
ever, that once the cylinder has reached the final speed,
maintained at the same speed for the rest of the experim
which may last as long as 12 h.

Figure 1 is a chart summarizing the ‘‘history effect’’ o
acceleration on the state of the Taylor–Couette flow. E
point in the chart represents an experimental data take
least 2 h after the inner cylinder has reached the final spe
Figure 1 clearly shows that when the acceleration (dRe/dt)
is less than a critical value of 2.2 s21, the state of the flow
when the Reynolds number increases follows a well-kno
sequence of circular Couette flow, followed by regular Ta
lor vortex flow and finally by wavy vortex flow. The firs
sign of the wavy mode in this experiment occurs at Re/Rc
3 © 1998 American Institute of Physics
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'1.15. Here, the flow pattern appears as a slight rocking
the boundaries between adjacent vortex cells, in a fash
which could be accounted for by the presence of a sin
traveling circumferential wave occupying the entire circu
ference. This rocking behavior is found to occur only with
a very narrow range of Re. When Re/Rec'1.2, the number
of azimuthal waves is increased to two~or m52 mode!, and
beyond Re/Rec'1.8, m53 mode is observed and remain
throughout the entire range of Reynolds numbers tested

However, it can be seen in Fig. 1 that whendRe/dt
.2.2 s21, there exists a new flow regime which to o
knowledge has not been seen before. In this regime, whic
bounded by a parabolic-shaped curve~see shaded curve i
Fig. 1!, the flow pattern is remarkably similar to the Tayl
vortex flow ~TVF! normally seen at Rec . Here, the vortices
are stable and regular, except that their average axial w
length is much shorter than that in TVF. Moreover, the flo
occurs in the Reynolds number range where the wavy vo
flow would normally occur. To ascertain that the vortic
have stabilized after 2 h, a few points~indicated by 1, 2, and
3 in Fig. 1! were selected for observation 8–12 h after t
final speed is reached, and the results were found to be
same as for the case of 2 h. Because of its similarity to
TVF, and also for ease of reference, we shall refer to the n
flow as a second Taylor vortex flow~STVF!. However, it
should be stressed that the formation of Taylor vortex flow
Reynolds number higher than Rec has been observed prev
ously by Burkhalter and Koschmieder.11,12 In fact they re-
ported that for a radius ratio~h! of less than 0.727, Taylo
vortex flow is found to exist up to 9 Rec for sudden start and
quasi-steady conditions. They referred to the flow as su
critical axisymmetric Taylor vortex flow. However, they d
not report seeing the same flow phenomenon depicted in
1. Moreover, the STVF observed in the present studyh
50.8032) occupies a narrower range of Reynolds num
and occurs only when the acceleration is higher than 2.221.

FIG. 1. A chart showing the effect of acceleration on the state of a Tayl
Couette Flow. CCF: Circular Couette flow; TVF: first Taylor vortex flow
STVF: Second Taylor vortex flow; WVF: wavy vortex flow. The shad
curve indicates the approximate transition boundary between the wavy
tex flow and the second Taylor vortex flow.d—First Taylor vortex flow;
n—Wavy vortex flow;l—Second Taylor vortex flow.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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Although STVF may well be the same as the supercriti
Taylor vortex flow reported by Burkhalteret al.,11,12 it is not
possible to make any meaningful comparison because
setup is quite different from theirs, particularly in the radi
ratio which has previously been shown to affect the stabi
of the flow.

As mentioned earlier, the averaged axial wavelength~l!
for the second Taylor vortex flow is found to be muc
shorter than that for the first Taylor Vortex flow. Herel is
defined as 2H/Nd, whereH is the height of the fluid col-
umn, andN is the number of axial vortices. The above o
servation led one to suspect that the vortices in the new fl
regime may be a function of both the Reynolds number a
the ‘‘history effect’’ of acceleration. This has led us to car
out a thorough investigation, which confirms our suspicio
and the results are clearly displayed in Fig. 2 for the ST
case only. Here, it can be seen that for a given accelera
the axial wavelength of the vortices at first decreases sha
and then approaches a constant value as the Reynolds
ber increases. The sharp drop in the wavelength is foun
occur near the left-hand boundary of the second Taylor v
tex stability curve. Similarly, one can deduce from Fig. 2 th
for a given Reynolds number, decreasing the accelera
would lead to an increase in the axial wavelength.

For completeness, we also examined the ‘‘history
fect’’ of acceleration on the wavelength of the first Tayl
vortex flow, and the result shows that irrespective of acc
eration, the average axial wavelength remains relatively c
stant at about 2.0. In addition, we also carried out investi
tions on the effect of deceleration on the stability of the flo
and similar results are obtained. More specifically, if the
ner cylinder is first accelerated from rest to a high Reyno
number flow regime, say Re/Rec53.4 for example~i.e., path
A→B in Fig. 1!. And if after 2 h of delay, the cylinder is
decelerated to a lower Reynolds number along the patB
→C, the flow pattern atC is found to be STVF, except tha
the axial wavelength is slightly larger than that of the acc
erating case~see Fig. 2 for comparison!. On the other hand
if the speed of the cylinder is increased along the pathA
→B, and after 2 h, it is reduced to the condition atC8, with

–

r-

FIG. 2. Axial wavelength of STVF vs Re/Rec for different acceleration/
deceleration (dRe/dt56a). For the purpose of comparison, only two ex
treme values of deceleration are presented. Note that thel for the first TVF
is approximately 2.
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a constant deceleration of less than 2.2 s21, the flow under
this condition is found to remain wavy.

To explore the stability of STVF, we decided to pertu
the flow with cylindrical rods of different sizes and see ho
the flow responds to such disturbances. The procedure
volves introducing a rod into the flow and letting it rema
inside for one revolution of inner cylinder rotation before
is removed. Figure 3 shows the results for the case
dRe/dt572.90 s21 anddRe/dt57.29 s21. It can be seen from
Fig. 3 that for a given Reynolds number and accelerat
there is a critical rod size, below which the disturbance
troduced would eventually die down, and the flow returns
the stable condition. On the other hand, too large a dis
bance would lead to the STVF developing into a wavy v
tex flow. To ensure that the wavy flow observed is not in
state of transition, some points were selected for observa
8 h after the disturbance has been removed, and the re
show that even after 8 h, the wavy flow remains wavy a
there is no sign of it returning to the stable mode of STV
Another way of interpreting the above results is to have th
plotted in terms of the parameters shown in Fig. 1. A point
particular interest is the right-hand boundary between
STVF and the wavy flow~i.e., shaded area!. It can be de-
duced from the results that for a given acceleration, saa
572.9 s21, increasing the disturbance~or rod size! would
result in the the right-hand shaded boundary shifting tow
the left-hand side of the chart. In other words, the larger
disturbance the smaller is the region of STVF. This sugge
that if the disturbance is large enough, the STVF regime m
disappear completely. To test this hypothesis, a cylindr
rod of diameterD/d50.43 is introduced into the STVF flow

FIG. 3. A chart showing the right-hand boundary between STVF and W
for different Reynolds number and rod size.s—dRe/dt57.29 s21; n—
dRe/dt572.90 s21. D5diameter of cylindrical rod,d5gap size between the
cylinders. The insert on the top right-hand corner depicts a schematic d
ing of Fig. 1. Here, the labels ‘‘m’’ and ‘‘ n’’ correspond to the ones shown
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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with a572.9 s21 and Re/Rec51.87. It is found that 4 h after
the rod was removed, the flow still remained wavy and th
was no sign of it returning to the STVF regime. For the ca
of low acceleration~i.e., a57.29 s21), a similar behavior is
also found to occur, except that the stability of the flow
more sensitive to the applied disturbance as can be ea
deduced from Fig. 3. From the above discussion, it may
postulated that, because of the flow sensitivity to small d
turbance, the contour of the shaded boundary at low ac
eration range~see Fig. 1! is likely to be different in another
apparatus which may have a different inherent disturban

To conclude, we would like to emphasize that this inve
tigation is more than just a nonuniqueness of the Taylo
Couette flow, which has been known for more than 30 ye
An important outcome of this investigation is the discove
of a new flow regime, which to our knowledge has not be
seen before. This finding is significant because it implies t
it is possible for two distinct flow states~either STVF or
wavy flow! to coexist at the same Reynolds number, w
acceleration/deceleration as a controlling factor.
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