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Unusual transition sequence in Taylor wavy vortex flow
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%'hen the Reynolds number for a Taylor-Couette flow with a radius ratio q =0.782 is ramped quasistati-

cally, a wavy vortex flow with an azimuthal m number m = 2 is excited at a transition Reynolds number of
8 = 137. This mode disappears at 8 = 161, and the Aow returns to the Taylor vortex state and remains in

this state until a new wavy state with m = 3 is excited at 8 = 322. This unusual sequence of flow evolution

seems to be consistent with the stability boundaries calculated by Jones.

Thc wavy vortex state of Taylor-Coucttc Aow has I'c-

ceived considerable attention from experimentalists in re-
cent years. ' 5 The driving force behind much of these ef-
forts has been the desire to understand the transition to tur-
bulence in this model system. Most of these experiments
were done in "narrow-gap" apparatuses characterized by

q &0.85, where q is the ratio of thc inner radius to the
outer radius. The Taylor-Couettc flow in a narrow-gap re-
gime evolves from a simpler state to a state of greater com-
plexity through a series of transitions, The wavy state, hav-
ing evolved from the Taylor vortex state with a small az-
imuthal m number, undergoes a series of transitions, in suc-
cession, where thc azimuthal I number increases at each
t1ansition. States with differing Nl Qurnbcrs 81'c connected
by narrow regions of m-number indeterminacy characterized
by increased spectral noise. 6 Eventually, the Aow obtains
another frequency incommensurate with the first. At a still
higher Reynolds number, the system becomes weakly tur-
bulent.

%C report herc an observation of a different sequence of
flow evolut1on of in an apparatus w1th a gap which apparent-
ly lies on the boundary that separates thc "wide-gap" and
the "narrow-gap" regimes. Our Couette apparatus has glass
inner and outer cylinders of radii 8 ~

= 2.413 cm and
8 2 = 3.085 cm with gap d = 0.672 cm and radius ratio
q=0.782. The length of the annular region is fixed by a
pair of Qonlotat1ng 1Tlovablc plUgs. Thc Auid cons1sts of 8
glycerol-water mixture with a kalliroscope solution added
(3'/0 by volume) as a tracer. The kinematic viscosity of the
solution is 6.905 cs (centistokes) at 20'C with a slope of
—0.33 cS/'C in thc temperature range of —19-21 C. The
cntlre appalatUs ls immersed 1Q 8 water bath, Rnd 1ts tcITl-

pcrature is continually recorded and used later to calculate
the Reynolds number. The typ1cal temperature excurs1on
encountered during a 12-h period is 0.2'C. The rate of
change in thc Reynolds number duc to this temperature
drift is negligibly small in our measurements.

A focused beam of light from a helium-neon laser is
directed to the center of 8 vortex located at the middle of
the apparatus. The light scattered by the Kalliroscope Aakes
is gathered by f/3. 5 optics and detected by an RCA 1P21
photomultiplier. Thc output signal is then amplified and fed
to 8 digitizer. Timing signals for the entire experiment, in-
cluding thc ITlotol dr1vc pulscs fol thc 1nncr cyllndcl', arc
dc1'1vcd fI'01Tl 8 s1nglc 1cal-tlIIlc clock with 1-@sec t1rn1ng ac-
curacy. Except for the initialization phase described belo~,
the entire management of the experiment, including data
Bcqu1sltlon Rnd OQ11nc data analysis, ls done by 8 m�lcr-
ocoITlP�Ut.

Thc ln1t1811zat1on process fol' each lun consists of thc fol-
lowing three steps. First, thc flow is ramped Upward from
rest to 8/8, =1.1 with an acceleration of one Reynolds
number per second. Second, the length of the apparatus
and the desired number of vortex pairs are then set by ad-

Justing thc top plUg manually. Third, thc Taylol vol'tcx Aow

is allowed to equilibrate for 30 min, and then cathetometer
readings are taken of locations of pair boundaries. Upon
completion of this initialization step, the measurement
phase is started. The Reynolds number is rampcd upward
to a specified final value with the rate dR/dt as a parameter
of each run. During ramping, at specified times (and there-
fore at spcclficd Rcyflolds Ilu111bcl's), t11c I'cflcctallcc slgllal

is sampled and digitized 40 times during one revolution of
thc inner cylinder. The rms value of the ac component of
this signal (which corresponds to the wave amplitude) is
cvalUatcd Rnd stored.

One such set of data is presented in Fig. 1. Here, the
length L =32.42 cm, thc number of Taylor vortex pairs
N = 25, and the acceleration dR/dt = 0.0097 Reynolds num-
bers per second (this unit shall be shortened simply as sec
in the rest of this paper). Three locations marked by arrows
are of particular interest. A wavy vortex flow sets in at
8 = 137, only to vanish at 8 = 161, and then to reappear at
8 = 322. These transitions are extremely sharp as shown in
Fig. 2. The six panels show Fourier spectra of the reAec-
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FIG. 1. %'ave amplitude (in arbitrary units) as a function of Rey-
nolds number for an acceleration dR/dt = 0.0097 sec 1, I =48.26,
and %=25.
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FIG. 2. Fourier spectra near the three arrows in Fig. 1. Each
vertical pair have common ordinate scaling and therefore the
Fourier amplitudes may be compared directly, The symbol f0
stands for the frequency of rotation of the inner cylinder.
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tance signal near these transition points. These spectra are
taken of stationary flows; i.e., no ramping is in progress
during the data acquisition. We note that a change in Rey-
nolds number of something less than 0.3% is sufficient to
cause these transitions.

The existence of the wavy mode in the range 137 (R
& 161 was not a complete surprise. About five years ago,

we were alerted to a calculation by Jones, ' which suggested
stability boundaries that could lead to this type of behavior
within a certain range of radius ratios. Our search for this
mode failed. The reexamination of experimental procedure
used then reveals that the failure was due to too rapid a
ramping rate. Figure 3 illustrates this point. Four runs,
differing only by the ramping parameter, are shown. From
analyses of data from other sets of runs where slower ac-
celerations were used, we conclude that an acceleration
value of 0.0048 sec ' is as small as it needs to be. The
lowest trace in Fig. 3, taken with dA/dt =0.0391 sec
shows that this mode can be missed entirely when the sys-
tem is ramped too rapidly. It is to be noted that the value
of dR/dt =0.0391 sec ' corresponds to a change of Rey-
nolds number by 1 in 25 sec. The ramping rate we used
five years ago, which was then considered a very slow rate,
is about 20 times faster than this value.

The first wavy mode is an m = 2 mode, while the second
mode at R = 322 is an m = 3 mode. Table I compares the
present results with the theoretical calculation of Jones.
The disagreement regarding the m = 1 mode has to do with
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FIG. 3. Wave amplitude vs Reynolds number for four different
ramping rates. In these runs I" =48.73 and N = 2S.

the stationary ends in our apparatus. These ends should act
as effective stabilizers against the m = 1 wavy mode, and the
discrepancy is therefore of no consequence. The onset of a
wavy mode with m = 3 is outside the range of calculations
presented by Jones, and agreemcnt may yet be demonstrat-
ed in a further calculation. What is remarkable is the quali-
tatively good agreement that exists between the experiment
and theory regarding the m =2 mode. Theoretical calcula-
tions using an infinite-length approximation invariably give
results that disagree with experiments which, of necessity,
are done in finite-length apparatuses. The success of
Jones's prediction of this interesting stability boundary for
the m = 2 mode encourages us to examine other parts of his
calculations. Several related measurements are in progress,
and will be reported later.

We investigated the dependence of this mode on the as-
pect ratio 1 = L/d using dR/dt of 0.0097 sec '. We are un-
able to excite this mode in geometries where I & 41.3. The
wavy mode at R =322, however, is still there at these
shorter lengths. In the range of I' from 43.3 to 49.5 (the
latter being the largest value attainable in our apparatus),

TABLE I. Comparison of experiment and theory (entries are Reynolds numbers where appropriate).

Experiment Theory

Aspect ratio, L /d
Pair size in units of d

48.26
1.916 1.993

Onset of m = 1

Onset of m =2
m =2 gone
m =1 gone
Onset of m =3

Not seen
137.3
161.3

Not seen
322

110
120
163
169
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TABLE II. Dependence of transition Reynolds numbers on aspect ratio and pair size.

Pair size Onset at

41.32
43.32
45.39
47.42
49.46

1.95
1.95
1.96
1.96
1.95

Not seen
144
140
141
146

Not seen
151
153
157
160

1.94
1.93
1.91
1.89
1.84
1.80

thc tl'ansltlon points val y 11ttlc Rs shown 1n Table II. %c
also investigated the dependence on the vortex size. %hilc
holding N = 25, L is varied, thus obtaining vortex pair sizes
ln thc range of 1.95&d to 1.80xd. Again, wc obsclvc 8
weak dcpcndcncc Rs shown ln T8blc II. Thc Reynolds
number entries in this table are obtained from the ac ampli-
tude measurcmcnts descr1bed above, and therefore are rel1-

able only to about 5'lo.
%'e have reported here a measurement of unusual stabili-

ty boundaries for a wavy vortex mode with m =2. There is

8 limited but Rn important RgI'ccIIlcnt bctwccn ouI' results
and Jones's nonlinear calculations. s This mode is observ-
able only when the Reynolds number is varied quasistatical-
ly, in an apparatus of sufficient length to accommodate 22
01' more pa11S Gf vortlCcs.
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