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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 acceleratidiReAit) is higher than a critical value of about 2.2'sthere

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’22 s

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 sair898 ©
American Institute of Physic§S1070-663(98)01412-3

Since Taylor's famous publication in 1923 on the sta- R,=75.5mm, and a stationary outer precision perspex cyl-
bility of a circular Couette flow between rotating cylinders, ainder with inner radius oR,=94.0 mm. This gives the ra-
great deal of theoretical and experimental work has beedius ratio of 7=0.8032. The height of the fluid between the
published on the flow stability between two concentric cyl-two cylinders is 0.935 m, resulting in the aspect rafio
inders(see, e.g., Refs. 2—12n 1965, Cole$was the firstto  =50.54. The Reynolds number is defined as=Rg)d/v,
report the nonuniqueness of the wavy flow in the Taylor-where() is the angular frequency of the inner cylinddris
Couette flow. He noted that for a given Reynolds number, athe gap size between two cylinders, ands the kinematic
many as 20-25 different stat@sharacterized by axial wave- viscosity. The acceleration is defined as the rate of change of
length and azimuthal wave numbewrere seen, and these Reynolds numbera=dReldt=(R,d/v)dQ)/dt. The working
states were found to be a function of the initial conditions agluid is a mixture of 66% glycerin and 34% water with the
well as the manner in which the inner cylinder was accelerkinematic viscosity of 10.516 ¢S at the room temperature
ated to the final speed. Although numerous stuses Ahl- 27 °C. To visualize the flow, Kalliroscope AQ-100 reflective
ers etal,? Andereck etal,® Coles® Park etal,'”® and flakes were added to the solution, and the resulting motions
Burkhalter and Koschmied€r') have shown the impor- were monitored and captured with the afdacs W argon ion
tance of acceleration/deceleration in determining the finalaser and a charge-coupled device video camera.
state of the flow, these investigations were somewhat limited  In this study, the motion of the inner cylinder is con-
in scopes. For example, in Cofeand Ahlersetal,? no  trolled by a PC through a microstepper motor. Unless other-
quantitative values of the acceleration/deceleration used iwise, stated, the inner cylinder is accelerafeddecelerated
their investigations were given. Therefore, the path to whichinearly from rest(or from a given initial speedto a prede-
the flow is subjected is not accurately known. On the othetermined speed, and the time interval between the initial and
hand, although Parét al* had provided quantitative values the final speed is adjusted to achieve the acceleration re-
of the acceleration, his investigation was limited only to thequired. With the present setup, the maximum acceleration/
onset of Taylor vortex flowTVF). Similarly, in the investi- deceleration which could be achieved isiRedt
gation by Burkhalter and Koschmied&!? on the axial =+200s?, and the minimum acceleration/deceleration is
wavelength of supercritical axisymmetric Taylor vortex flow, dRedt=+0.02 s'* (i.e., quasi-steady conditipnNote, how-
the accelerations used were restricted to only two extremever, that once the cylinder has reached the final speed, it is
conditions (i.e., “sudden start” and “quasi-steady.’ The = maintained at the same speed for the rest of the experiment
lack of systematic study of the effect of acceleration/which may last as long as 12 h.
deceleration on the Taylor—Couette flow motivated us to  Figure 1 is a chart summarizing the “history effect” of
carry out the present investigation. Here, our attention is foacceleration on the state of the Taylor—Couette flow. Each
cused primarily on the case of linear acceleration/point in the chart represents an experimental data taken at
deceleration £ dRedt) that ranges from 0.02 to 2005  leag 2 h after the inner cylinder has reached the final speed.
and the Reynolds numbéRe) varying from the onset of Figure 1 clearly shows that when the acceleratidR ¢dt)
Taylor vortex flow (Re) to about 5 Rg. To our knowledge, is less than a critical value of 2.2'% the state of the flow
this is probably the first time that such a broad range ofwhen the Reynolds number increases follows a well-known
accurately known accelerations have been used. sequence of circular Couette flow, followed by regular Tay-

The experiments were carried out in an apparatus corer vortex flow and finally by wavy vortex flow. The first
sisting of an inner aluminum cylinder with outer radius of sign of the wavy mode in this experiment occurs at Rg/Re

1070-6631/98/10(12)/3233/3/$15.00 3233 © 1998 American Institute of Physics
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FIG. 2. Axial wavelength of STVF vs Re/Rdor different acceleration/
Re/Re ‘ deceleration dReHdt=+*a). For the purpose of comparison, only two ex-
C . .
treme values of deceleration are presented. Note that fbethe first TVF
FIG. 1. A chart showing the effect of acceleration on the state of a Taylor-is approximately 2.
Couette Flow. CCF: Circular Couette flow; TVF: first Taylor vortex flow;
STVF: Second Taylor vortex flow; WVF: wavy vortex flow. The shaded
curve indicates the approximate transition boundary between the wavy vor-

tex flow and the second Taylor vortex flo@—First Taylor vortex flow; Although STVF may well be the same as the supercritical
A—Wavy vortex flow; —Second Taylor vortex flow. Taylor vortex flow reported by Burkhaltet al,*'*?it is not
possible to make any meaningful comparison because our
setup is quite different from theirs, particularly in the radius
~1.15. Here, the flow pattern appears as a slight rocking ofatio which has previously been shown to affect the stability
the boundaries between adjacent vortex cells, in a fashioaof the flow.
which could be accounted for by the presence of a single As mentioned earlier, the averaged axial waveleriih
traveling circumferential wave occupying the entire circum-for the second Taylor vortex flow is found to be much
ference. This rocking behavior is found to occur only within shorter than that for the first Taylor Vortex flow. Hexeis
a very narrow range of Re. When Re{Rd.2, the number defined as BI/Nd, whereH is the height of the fluid col-
of azimuthal waves is increased to tyar m=2 modg, and umn, andN is the number of axial vortices. The above ob-
beyond Re/Rg=1.8, m=3 mode is observed and remains servation led one to suspect that the vortices in the new flow
throughout the entire range of Reynolds numbers tested. regime may be a function of both the Reynolds number and
However, it can be seen in Fig. 1 that whdRefdt the “history effect” of acceleration. This has led us to carry
>2.2s ! there exists a new flow regime which to our out a thorough investigation, which confirms our suspicion,
knowledge has not been seen before. In this regime, which iand the results are clearly displayed in Fig. 2 for the STVF
bounded by a parabolic-shaped cufeee shaded curve in case only. Here, it can be seen that for a given acceleration,
Fig. 1), the flow pattern is remarkably similar to the Taylor the axial wavelength of the vortices at first decreases sharply
vortex flow (TVF) normally seen at Re Here, the vortices and then approaches a constant value as the Reynolds num-
are stable and regular, except that their average axial wavéer increases. The sharp drop in the wavelength is found to
length is much shorter than that in TVF. Moreover, the flowoccur near the left-hand boundary of the second Taylor vor-
occurs in the Reynolds number range where the wavy vortetex stability curve. Similarly, one can deduce from Fig. 2 that
flow would normally occur. To ascertain that the vorticesfor a given Reynolds number, decreasing the acceleration
have stabilized after 2 h, a few poir(iadicated by 1, 2, and would lead to an increase in the axial wavelength.
3 in Fig. 1) were selected for observation 8—12 h after the = For completeness, we also examined the “history ef-
final speed is reached, and the results were found to be tHect” of acceleration on the wavelength of the first Taylor
same as for the case of 2 h. Because of its similarity to theortex flow, and the result shows that irrespective of accel-
TVF, and also for ease of reference, we shall refer to the newration, the average axial wavelength remains relatively con-
flow as a second Taylor vortex floéBTVF). However, it  stant at about 2.0. In addition, we also carried out investiga-
should be stressed that the formation of Taylor vortex flow ations on the effect of deceleration on the stability of the flow,
Reynolds number higher than Rleas been observed previ- and similar results are obtained. More specifically, if the in-
ously by Burkhalter and Koschmied®r!? In fact they re-  ner cylinder is first accelerated from rest to a high Reynolds
ported that for a radius ration) of less than 0.727, Taylor number flow regime, say Re/Re3.4 for exampldi.e., path
vortex flow is found to exist up to 9 Réor sudden start and A—B in Fig. 1). And if after 2 h of delay, the cylinder is
guasi-steady conditions. They referred to the flow as supemdecelerated to a lower Reynolds number along the Bath
critical axisymmetric Taylor vortex flow. However, they did —C, the flow pattern a€ is found to be STVF, except that
not report seeing the same flow phenomenon depicted in Fighe axial wavelength is slightly larger than that of the accel-
1. Moreover, the STVF observed in the present stugy ( erating casdsee Fig. 2 for comparisopnOn the other hand,
=0.8032) occupies a narrower range of Reynolds numbeif the speed of the cylinder is increased along the path
and occurs only when the acceleration is higher than2!2's —B, and after 2 h, it is reduced to the conditionGit, with
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0.35 awar with a=72.9 s and Re/Rg=1.87. It is found tha4 h after
0.30 . nstgble (WVE) 7290 STV the rod was removed, the flow still remained wavy and there
| | 7.29 et was no sign of it returning to the STVF regime. For the case
025 0 B Ty of low acceleratior(i.e.,a=7.29 s'%), a similar behavior is
0.20 | | also found to occur, except that the stability of the flow is
D/d I : more sensitive to the applied disturbance as can be easily
0.15 | 4 % JRe/d=72.90 " deduced from Fig. 3. From the above discussion, it may be
0.10 s ", postulated that, because of the flow sensitivity to small dis-
| : o turbance, the contour of the shaded boundary at low accel-
0.05 I'| Stable}  dRe/dt=7.29 5! eration rangdsee Fig. 1is likely to be different in another
0.00 ml WSV s apparatus which may have a different inherent disturbance.
Les 190 215 240 265 290 3.5 To conclude, we would like to emphasize that this inves-
Re/Re, tigation is more than just a nonunigueness of the Taylor—

Couette flow, which has been known for more than 30 years.

for different Reynolds number and rod siZ®—dRebt=7.29 s, A— . .
dReHt=72.90 s'. D=diameter of cylindrical rodd=gap size between the of a new flow regime, which to our knOWIedge has not been

cylinders. The insert on the top right-hand corner depicts a schematic draws€€N before. This finding is significant because it implies that
ing of Fig. 1. Here, the labelsi” and “ n” correspond to the ones shown. it is possible for two distinct flow stategither STVF or

wavy flow) to coexist at the same Reynolds number, with
acceleration/deceleration as a controlling factor.

a constant deceleration of less than 2.3, gshe flow under
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