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We examined the influence of internal noise on the irregular switching of the shape of the free
surface of fluids in an open cylindrical vessel driven by a bottom disk rotating at constant speed
[Suzuki, lima, and Hayase, Phys. Fluids, 18, 101701 (2006)]. A slight increase in the disk-rim gap
(less than 3 % of the disk radius) was established experimentally to cause significant changes in this
system, specifically, frequent appearance of the surface descending event connecting a nonaxisym-
metric shape in strong mixing flow (turbulent flow) and an axisymmetric shape in laminar flow, as
well as a shift in critical Reynolds number that define the characteristic states. The physical mech-
anism underlying the change is analyzed in terms of flow characteristics in the disk-rim gap, which
acts as a noise source, and a mathematical model established from measurements of the surface

height fluctuations with noise term.

PACS numbers: 47.32.-y, 47.20.-k, 47.27.Cn

I. INTRODUCTION

Fluid motion is governed by strongly non-linear dy-
namics, which means that slight changes in configuration
can lead to significant changes in the motion, even in sim-
ple configurations. Rotating flows in a cylindrical vessel
are categorized as among the simplest and most funda-
mental flow configurations in fluid mechanics. Despite
the simplicity of the configuration, the fluid phenomena
are quite complex. Instabilities created during spinning-
up and spinning-down [1, 2] and vortex breakdowns [3] in
closed configurations as well as instabilities in configura-
tions with interfaces [4-7] are typical examples that chal-
lenge researchers in experimental, theoretical, and also
numerical fields.

Recently, in rotating fluids in open cylindrical vessels
driven by a bottom disk, rotating polygons on the free
surface has been observed and analyzed [Fig. 1(a)] [8-16].
In the analysis, a shallow fluid layer and large free-surface
deformations are considered. With increasing speed of
rotation of the disk, various deformations of the free sur-
face from ellipsoidal to hexagonal are observed. If the ra-
dius of the rotating bottom disk is much smaller than the
radius of the inner lateral wall of the cylinder, other flow
patterns such as periodic sloshing have been observed
[8, 14].

With thicker fluid layers, complex temporal variations
of the free surface, termed “surface switching”, have been
reported [17]. Surface switching involves the intermittent
transition of the free surface shape from axisymmetric to
nonaxisymmetric shapes, and vise versa, with cross sec-
tions that are almost all ellipsoidal. The transitions often
occur with violent fluctuations in the free surface level. A
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typical sequence of surface switching involves [Fig. 1(b)]:
(i) if the disk rotation is sufficiently fast, a descent of
the axisymmetric free surface which then attaches to the
bottom; (ii) & (iii) symmetry breaking of the free surface
yielding nonaxisymmetric shapes; (iv) the detachment of
the free surface from the bottom; and (v) with a non-
axisymmetric cross-section, the resulting free surface is
subject to quasi-periodic oscillations and reverts to an
axial-symmetrical shape, after which it again reattaches
to the bottom as in (i).

During surface switching, the flow state is laminar
if the surface shape is axisymmetric [Fig. 1(b)(i)] and
turbulent (or fully disturbed) if it is nonaxisymmetric
[18, 19]. Hence, surface descent is accompanied by a tran-
sition from turbulent to laminar flow and the significant
surface descent and ascent constitute laminar-turbulent
switching (LTS). The mechanism and dynamics of the
surface ascending event, termed LTS (laminar — tur-
bulent) [Fig. 1(b): (i)—(ii)—(iii))], were investigated in
detail by Iima and Tasaka [20] in relation to resonance
instability [13, 15, 20, 21].

The statistical aspects of LTS, surface descent with
restoration of axial symmetry, termed LTS (turbulent —
laminar), and critical Reynolds numbers, change signif-
icantly even under small changes in configuration (disk-
rim gap). Actually, when using a well-controlled driving
system generating less mechanical noise than that used in
Suzuki et al. [17], a fixed rotation axis, and precise disk
rotation control, we found that the rate of appearance
of LTS events is significantly reduced [18, 19]. Further-
more, states involving surface switching are clearly dis-
tinguishable; featuring a flat rotation (FR) and a (quasi-
Jregular oscillation (RO) as nonaxisymmetric states, as
well as LTS [19, 20]. Also, a hysteresis is clearly seen in
the regime diagram, in contrast to the results found by
Suzuki et al. [17] who reported no such behavior [19)].
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FIG. 1. (a) Experimental setup and measurement appara-
tus (unit mm). (b) Typical photographic sequence of surface
switching showing surface shapes obtained with backlight pro-
jection.

In this paper, we focus on the influence of the disk-
rim gap on the free surface motion and its statistical fea-
tures, and in particular LTS appearances to illustrate free
surface switching stemming from disk-rim gap details.
Three disks of different diameter are chosen to change
physically this gap with the objective of controlling the
internal noise, namely, irregular fluctuations generated
nearby the disk rim. Gap influences are investigated sta-
tistically, as well as dynamically, using radial velocity
data and free-surface height fluctuations at the center of
the cylinder. The physical mechanism underlying these
changes is analyzed in regard to the noise generation from
the disk-rim gap and its effect on surface switching dy-
namics, using a mathematical model that included effects
from noise.

II. EXPERIMENTAL SETUP AND THE
DISK-RIM GAP EFFECT

A. Experimental setup and procedures

In the experimental setup [Figure 1(a)], a disk is
mounted at the bottom of an open, R = 42 mm radius
cylindrical vessel made of acrylic resin. The disk is driven
at constant rotation frequency, €2, by a motor connected
via a shaft. The vessel is partially filled with tap water
to a height H = 40 mm at rest yielding an aspect ra-
tio is A = H/R = 0.95. There is a cavity with around
5 mm depth below the disk. We used ultrasonic veloc-
ity profiling (UVP) [19, 22, 23] to obtain details of the
fluid flow, from which the velocity component of the in-

stantaneous flow field along the direction of propagation
of the ultrasonic waves is measured. An ultrasonic 4-
MHz resonance frequency transducer is mounted on the
lateral wall of the vessel; its center is 8 mm above the
disk (z/H = 0.2). The line of propagation passes though
the center of the vessel permitting radial component pro-
files of the instantaneous velocity field, w.(r,t), to be
obtained. Ultrasonic reflecting particles, specifically 50—
60 pm-diameter porous resin spheres of 1020 kg/m? den-
sity, were mixed into the test water. The spatial and
temporal resolutions of the measurements depend on the
set parameters; typical values are 0.74 mm and 13 ms,
respectively. To capture the transitions in the surface
shape, backlight projection images of the surface illumi-
nated by a halogen lamp [cf. Fig. 1(b)] were recorded
using a digital video camera at 29.97 frames per second.
Time variations in the surface height along the centerline
of the vessel, h(t), were extracted from the video using
simple image processing. Further details of the setup and
measurements are given in Tasaka and Tima [19)].

Based on the successful generation of local turbulence
in flows between stationary and rotating disks [24], we
used three different disks that gave three gap sizes be-
tween the inner lateral wall of the vessel and the rim of
the disk, AR,. The three disks used here are (A) AR =
0.10 mm (made of acrylic resin), (B) AR = 0.30 mm
(glass, also used in [19]), and (C) AR = 1.05 mm (acrylic
resin). All three disks are flat cylinders. The corre-
sponding Reynolds number of the gap flow is defined as
Rey = 2nrROQAR/v. For © = 13.3 Hz, a typical rotation
frequency, Re, = 0.35 x 103, 1.05 x 102, and 3.69 x 103,
respectively, where v is the kinematic viscosity of water.
The characteristics of the three disks mentioned above
are detailed in Table I for ease of reference.

With disks of different materials, glass and acrylic resin
are thought to provide data regarding differences in wet-
tability. We have previously suggested that the influence
of wettability of the test fluid on the disk could be a
reason for the increase in critical rotation speed for sur-
face switching [19]. We have also previously confirmed
that using glass disks with better wettability than the
acrylic disk used in Tasaka et al. [18] results in increases
in the frequency of LTS events leading to attachment of
the free surface to the bottom [Fig. 1(b)]. Nevertheless,
in most cases observed in the well-controlled system, the
rotating free surface maintains a nonaxisymmetric shape
above and away from the bottom surface [Fig. 1(b)—(iv)],
and events where the surface touches the bottom do not
occur very often. This would ensure that wettability does
not affect LTS (turbulent — laminar) which is the focus
of this report.

B. Significance of the disk-rim gap

Here we comment on why the disk-rim gap is impor-
tant in the bottom-rotating setup. Assuming that the
flow in the gap region is similar to Taylor—Couette flow



TABLE I. Specifications of disks

Disk Gap size AR [mm] Material Expected internal noise level

(A) o0.10 Acrylic  low

B) 0.30 Glass moderate
(
(C) 1.05 Acrylic  high

(TCF) in concentric double cylinders [25], we may ex-
pect that noise increases with changes in disk from (A)
to (C). With the inner cylinder rotating, usual TCF gen-
erates a modal shift with increasing Reynolds numbers
at several flow regimes. The transition is from one that
is time-periodic (wavy vortex flow) to one with turbulent
Taylor vortices via intermediate regimes that have quasi-
periodic flow and chaotic flow [cf. 26]. The evaluated
Reynolds number of the gap flow, Re;, mentioned in the
last section, is a few thousand and the corresponding flow
regime at TCF is chaotic or turbulent flow. The velocity
fluctuations arising with the gap flow is highly complex,
and noise is constantly generated in the bulk flow. Of the
disks, disk (B) has been used in a previous study [19] and
our comparative analysis starts with results obtained for
this disk providing a basic reference of the phenomena.

III. RATE OF A SURFACE DECENT EVENT

All disks examined for this study showed surface
switching [Fig. 1(b)] if the rotation frequency of the disk,
), surpasses the critical value of around 13 Hz. The
corresponding Reynolds number of the rotating bound-
ary layer on the disk, Re = 2rQR?/v, takes values of
order O(10%) setting the boundary layer turbulence at
least near the disk edge according to the results of three-
dimensional boundary layer on a rotating disk summa-
rized in Reed and Saric [27]. We recorded the variation
in the surface height at the center of the vessel, h(t), for
each disk: disk (A) (Q = 13.3 Hz, Re = 1.47 x 10°),
disk (B) (2 = 13.2 Hz, Re = 1.46 x 10°), and disk
(C) (© = 13.3 Hz, Re = 1.47 x 10°). Figure 2 shows
plots of the surface height fluctuations after removal of
the fast oscillation using moving averages (see caption);
these moving-averaged fluctuations are denoted (h(t)).
The plots for panels (a)—(c) correspond to disks (A)—(C),
respectively.

First, the characteristics of the fluctuations [Fig. 2(b)]
for disk (B) are described as a basic reference for LTS
events and characteristic quasi-stable states. The LTS
events shown are distinguished by descents of the free
surface approaching the bottom followed by ascents from
the bottom position. There are two LTS events occurring
during the 350-s video clip at around 170 and 330 s, the
first being accompanied by the attachment of the free
surface to the bottom disk.

Three characteristic states are observed. In the first
state, the surface height fluctuations frequently assume
quasi-regular oscillations (RO), which are maintained for
some period (indicated as “RO”), and the free surface in
this state displays clear humps [Fig. 2(b)(iv)] [19]. The
center of the oscillation is located around (h)/H = 0.25
and the amplitude is slightly modulated, not with a sim-
ple amplitude-modulated sinusoidal shape but with cusps
at local maxima.

The second state is flat rotation (FR), where the free
surface displays no significant humps [19]. This state is
also maintained for some duration at around ¢ ~ 40 and
250 s and the fluctuations have relatively small ampli-
tudes (indicated as “FR”). The average location of the
free surface in this state is around (h)/H = 0.31 and is
slightly higher than the central location of (h)/H in RO.

We also define a third “temporary axisymmetric (TA)”
state observed at LTS events; this is an unstable state
where the descending free surface almost recovers the
axi-symmetry that leads to the resonance instability
[13, 15, 20, 21]. Overall, the fluctuations appear to dis-
play switching in all the three states: RO, FR, and TA
accompanying the LTS events. The flow structures in
these states and the dynamics during the LTS are dis-
cussed in detail in Ilima and Tasaka [20].

The slight changes in size of the disk-rim-gap cause
very considerable changes in the permanence of the states
appearing. In Fig. 2(a), with the smallest gap (disk
(A)) for which we would expect the generation of less
internal noise, the fluctuation shows the presence of the
FR state over a large portion of the time series of (h),
which is different in Fig. 2(b) with the larger gap (disk
(B)). The fluctuations in Fig. 2(a) assume a central value
around (h)/H = 0.31, very similar to that for Fig. 2(b).
Two LTS events occur in the measurement period and
this number of occurrences is the same as with disk (B)
[Fig. 2(b)]. However, different from disk (B), RO oc-
curs less frequently and the amplitude of the oscillations
is strongly modulated. Also the FR and RO states are
not clearly separated (distinguishable) and the transi-
tions between these two states are not clear.

In Fig. 2(c), for disk (C) with the largest gap, LTS
events occur more frequently than with the other disks
with narrower gaps. No FR is observed and the ampli-
tude of the RO fluctuations is more strongly modulated.
These observations are similar to surface switching phe-
nomena reported by Suzuki et al. [17]. The differences
in the surface height fluctuations for these three disks
clearly suggest that the increase in noise generated in the
disk-rim gap increases the frequency of LTS events and
blurs the transition between different states. All three
gap widths show a central height of the surface fluctua-
tion at h/H ~ 0.3 suggesting that modifying the gap size
does not cause qualitative changes in the flow structure
at least for the range of gaps examined here.
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FIG. 2. Time series of the averaged surface height (h) for different disks, (a) disk (A) (Q = 13.3 Hz, Re = 1.47 x 10%), (b)
disk(B) (Q = 13.2 Hz, Re = 1.46 x 10°), and (c) disk (C) (2 = 13.3 Hz, Re = 1.47 x 10°). The averaged surface height (h) is a
moving average of the original surface-height data for the period corresponding to around seven rotations of the disk to remove

the rapid fluctuations caused mainly by the rotating humps on the ellipsoidal free surface shown in Fig. 1(b)(iv).

The solid

arrows in (b) indicate periods including FR and LTS highlighted in Fig. 5(b). The dashed arrow in (b) indicates an example of
the RO state in the time series. The arrows in (c) mark the time intervals of LTS events, ¢s (dips extending below the broken

line).

IV. FLOW REGIME AND HIGH INTENSITY
BRANCH

A. Flow regimes shown by the intensity of flow
fluctuations

Figure 3(a) shows the intensity of the temporal ve-
locity fluctuations, V, plotted vs Re: V is defined as

=1/@rQ2 —m)R?) [} mR 2 Uep(r)dr (1 = 0.49, my =

0.67)7 usp = [(1/7) fo (r,t)2dt]*/? (where u!.(r,t) is
the temporal fluctuation component of u,(r,t) and T is
the measurement time). The recording time of the spatio-
temporal velocity distribution is approximately 60 s and
a 10-min relaxation time was instigated before taking
measurements after changing the Re; this relaxation time
is O(10°) times that of the disk rotation period and is 100
times the vertical oscillation period of the free surface in
the RO states. The measurements for the different AR
disks are distinguished by circles, triangles, and squares;
open and solid symbols indicate values measured during
the increasing and decreasing stages of Re, respectively.

For all disks used in the experiments, the intensity, V,
increased abruptly at a critical value, Re = Re., where
the regime transition of the surface shape from an ax-
isymmetric [Fig. 3(b)] to a nonaxisymmetric [Fig. 3(c)]
shape is observed. Once the free surface assumes a non-
axisymmetric shape, it is maintained even when Re <
Re. in the decreasing Re stage until Re reaches a different
critical value, Rep. Hence, hysteresis occurs between Rey
and Re.. As a consequence, the measured points divide
into two groups, low and high intensities. The groups

form two branches, a high intensity branch (high V val-
ues) and a low intensity branch (low V' values), that were
used to construct the regime diagram in Tasaka and Iima
[19]. Table II lists the critical Reynolds numbers of Rep
and Re. as well as the gap Reynolds number Req for disks
with different materials and different gap sizes AR; the
three left columns list data for the present disks whereas
the two right columns list data for disks used in previous
work, Tasaka et al. [18] and Suzuki et al. [17]. The width
of the hysteresis region, Re. — Reyp, decreases monoton-
ically with AR [indicated by three horizontal arrows in
Fig. 3(a)]. The detailed characteristics of the branches
and corresponding flow states are discussed below.

First, consider the relationship between Re, and wetta-
bility of the disk. Indicated by Re. (disk (B)) in Fig. 3(a),
the Re. of disk (B) is the smallest (right end of the 2nd ar-
row from the bottom of the figure) despite the gap width
being intermediate among the three gaps here. This is
unexpected as one would assume that increasing the gap
and the resulting noise would lead to increases in the
destabilization of the flow, and that Re. would decrease
as AR increases. This result may be ascribed to the disk
material, glass for disk (B), which provides better wetta-
bility for the test fluid on the disk. Here a fine air column
at the disk center was observed, and that could sustain
the attachment of the free surface to the disk by surface
tension as suggested in Fig. 3(c). The critical Reynolds
number Re, at the left end of the hysteresis region de-
creases monotonically with decreasing AR as wettability
of the test fluid has not influence over the disk at Re..

Second, consider the relationship between the gap and
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FIG. 3. (a) Variation of the intensity of the velocity fluc-
tuations, V, vs Re, where the open and solid symbols rep-
resent the increasing and decreasing stages, respectively, of
Re: arrows indicate the range of the hysteresis region for the
disks. (b) Photograph of the surface shape for disk (B) at
Re = 1.11 x 10° (Q = 10.0 Hz) and (c) at Re = 1.40 x 10°
(2 =12.7 Hz).

the boundary of the flow regime. Figure 3(a) shows that
V' assumes similar values for all disks on the low intensity
branch and for values of V for disks (A) and (B) in the
region Re < Re, (disk (B)) on the high intensity branch.
In both cases, a single flow state is dominant—i.e., the
laminar state for the low intensity branch and FR for the
high intensity branch.

In contrast, in some regions of the flow regimes, V
assumes different values. The high intensity branch (high
V values) for disk (C) [Fig. 3(a)] is very different from the
other two high intensity branches for disks (A) and (B).
The figure shows that V clearly decreases with decreasing
Re in the high intensity branch for Re < Re,. (disk (C)).
In this hysteresis region, there are frequent LTS events
and V assumes relatively smaller values than for the other
two disks where the free surface maintains RO or FR
states, and LTS events are rare.

V. STATISTICAL ANALYSIS OF SURFACE
SWITCHING

Controlling the rate of appearance of LTS events by
using the disk-rim gap allows a statistical analysis of the
LTS events to be performed; in particular, the statisti-
cal aspects of the appearance of LTS events can be an-

TABLE II. Critical Reynolds numbers at the surface switch-
ing, Re. and Rep, and the Reynolds number for gap flows
corresponding to Re. and Reg, for various disks used, specif-
ically, those of the present study and of previous work

Present disks
disk (A) disk (B) disk (C)

In previous work

AR [mm]  0.10 03077 1.05 03072 05°
Material Acrylic Glass Acrylic Acrylic Glass
Re.(x10%)  1.61 1.40 1.48  1.55 131

Rey(x10%)  1.21 1.29 1.37  1.45
Re,y(x10%)  0.38 1.00 3.70  1.11 1.56

"1 also used in Tasaka and Iima [19]

*2 sharp edge at the rim Tasaka et al. [18]

*3 no fixed axis of rotation: AR changes from time to time
and the value indicated here represents the mean value of
AR [17]

4 hysteresis is not observed and there are no distinctly dif-
ferent values of Re. and Rey

alyzed. We used two time series of (h(t)), each around
650 s long, for a total 1,300 s including the time series
shown in Fig. 2(c). To determine an empirical crite-
rion for an LTS event, the h(t) and instantaneous sur-
face shape captured in video clips were compared. The
observations showed that the LTS events accompanying
the restoration of the axisymmetric shape on the free sur-
face occurs at (h)/H < 0.20, and the empirical criterion
to distinguish LTS events from the time series of (h) as
(h)/H < 0.20 was used. Next, the time interval between
two successive LTS events, t,, was defined as the interval
between the minima of (h(t)) satisfying (h)/H < 0.20,
indicated in Fig. 2(c), where the free surface is attached
to the bottom for some duration. The time of attachment
and detachment are used to determine ¢4 [cf. Fig. 2(c)].
In the series, we observed 67 LTS events and the maxi-
mum and the minimum durations of ¢t5 were 148.52 s and
7.10 s. To investigate the randomness of the series of ¢,
we calculated the auto-correlation defined by

N AUTART)
St i)

where t/[i] is the deviation of the i-th element against
the average of {ts[i] | =1,2,---, N}, and N is the total
number of LTS events in a single 650 s long series, N =
30. As shown in Fig. 4, the auto-correlation assumes
small values throughout, except at the zero time delay at
7 = 0, allowing the conclusion that the ¢4 series has no
periodicity or regularity.

The statistical aspects for the t5 were analyzed as fol-
lows. For the probability density function of ts, p(ts),
[Fig. 5], the nested figure shows the cumulative distribu-
tion of p(ts) calculated from

Ci. il = ; (1)

P - | " p(tdts, @)

1



FIG. 4. Auto-correlation function of the series of time inter-
vals for LTS event, {ts[i]}

and this distribution is well approximated by
P(r) =Aexp (—71/Tm) - (3)

This indicates the probability of ¢, for t; < 75 s obeying
a Poisson distribution, and from this a characteristic time
scale for t4, 7, of 18.25 s is obtained.

These results suggest that LTS events are memory-less
random events [e.g. 28, 29], and suggest that internal
noise may trigger a LTS event. The origin of the inter-
nal noise may be assumed to be random noise generated
at the disk-rim gap as expected in § II B, even though
the mechanism of generation, including the transfer and
amplification of the noise in causing the LTS events, are
still not determined. Other possibilities of a source of the
internal noise generation are edge flow and impact of the
radial flow to the lateral wall, also interaction of them
including the gap flow. Especially, the edge flow nearby
the disk rim has importance to introduce boundary layer
transitions on a rotating disk in cases without the lat-
eral wall [30, 31]. The side wall and the top free surface
of the present closed system make the behavior of the
boundary layer transition much more complicated, be-
cause of expectation of stronger radial flows on the disk,
corner flows and interactions with Stewartson layer on
the side wall. Existence of a cavity below the disk also
has possibility to amplify or damp the created noise (even
conditions in this study). The present UVP measure-
ment, however, cannot distinguish each source, because
of relatively large measurement volume and radial flow
measurement. More detailed measurements around the
disk rim including the disk-rim gap, for example, bound-
ary layer measurement using laser Doppler anemometer
designed for precise measurement in the present system,
are required to determine the source.

VI. DIRECT NOISE INJECTION

This section examines the effect of directly injected
noise on surface-switching phenomenon as external noise
in addition to the internal noise generated in the disk-
rim gap. To disturb the flow a small hexa-key (around
5 mm in the mean diameter) was temporarily inserted
near the cylinder wall close to the bottom disk, and the
velocity fluctuation was measured from UVP to deter-
mine the influence of the direct noise on the following
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FIG. 5. Probability density distribution of the time interval
for the appearance of LTS events, ts, where the panel inside
the larger panel expresses the cumulative distribution of ts,

eq. (5.3).

transitions. Disk (A) was selected for maintaining a low
internal noise condition. The setting Reynolds number
is Re = 1.48 x 105 ( = 13.3 Hz), in the hysteresis re-
gion, and the flow was initially disturbed so that the free
surface has a nonaxisymmetric shape.

Figure 6 shows the time variations of the r.m.s. values
of the spatial velocity fluctuation measured from UVP
to represent the intensity of the spatial velocity fluctu-
ations [see Ref. 19]. The horizontal arrows indicate the
duration of disturbing flows arising from the hexa-key;
we examined the effect of both (A) a longer duration
and (B) a shorter duration disturbance.

For the longer duration disturbance, around 4 s, the
pressure balance of the flow is modified by weak mixing
caused by inserting the key; the flow does not maintain
its nonaxisymmetric free surface with humps (i.e., transi-
tion occurs). Following this, the free surface restores the
original axisymmetric shape and continues the descent
toward the bottom disk also after removing the hexa-key.
Despite the axisymmetric state being potentially stable
because the system is in the hysteresis region, an LTS
(laminar — turbulent) occurs following reattachment to
the disk; i.e., the free surface detaches from the disk at
the time indicated by the left vertical arrow in the figure.

For the shorter duration disturbance, shorter than 1 s,
the flow initially increases in intensity, before an LTS
(turbulent — laminar) occurs and the free surface reat-
taches to the bottom similar to the LTS events caused
by internal noise [Fig. 2]. Also here the free surface
first restores the original axisymmetric shape, and hence
the LTS (laminar — turbulent) occurs accompanied by a
nonaxisymmetric free surface with elliptical cross-section.
Bergmann et al. [11] performed a similar experiment in a
shallower fluid layer using a larger cylinder and observed
several different rotating polygons. In Bergmann et al.
[11], the disturbed flow restores initially the axisymmet-
ric shape, then elliptic, triangular, and other polygonal
shapes with a larger number of vertices occur in the time
series. Our results show similar behavior, however, here
it must be noted that after the free surface reattaches
to the bottom with both long- and short-duration-added
disturbances, the free surface detaches from the bottom
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FIG. 6. Time variation of r.m.s. values of the spatial velocity
fluctuation disturbing the flow by inserting a small hexa-key
(around 5 mm in mean diameter) in the vessel: horizontal
arrows indicate the duration of disturbances, (A) a longer
duration and (B) a shorter duration: vertical arrows indicate
time of detachment of the free surface from the bottom

and the corresponding r.m.s. values of the velocity fluc-
tuation increase in a very similar progression. Specifi-
cally, the particular flow structure generated during the
LTS (laminar — turbulent) events expires rather quickly.
This supports the suggestion that the LTS (turbulent —
laminar) is memory-less as explained in §V, and in par-
ticular shown by Fig. 5.

VII. DISCUSSION

A. Disk-rim gap and internal noise

As introduced in § II B, the flow in the disk-rim gap at
the cylinder wall can be a chaotic or turbulent flow, gen-
erating internal noise in the bulk flow. There is evidence
that a small change in the disk-rim gap changes some of
the characteristics in the rotating flow. For closed flows
with a rotating disk in a cylindrical vessel, a model sys-
tem for subcritical-flow instability problems in Couette
flows, Le Gal et al. [24] investigated the effect of the
disk-rim gap and established that the appearance of lo-
cal turbulence at the disk rim was clearly dependent on
the size of the disk-rim gap, suggesting the possibility of
controlling the internal noise by modifying the disk-rim
gap.

In a more general sense, the internal noise can trig-
ger irregular transitions of large-scale fluid motions. Ex-
perimentally, in subcritical-flow instability problems in
wall-bounded turbulence [32, 33|, the addition of finite-
amplitude perturbations triggers local turbulence and re-
laminarization occurs via a stochastic process. In other
systems such as irregular flow reversals of large-scale cir-
culation in natural convections [29, 34, 35] and rever-
sals of flow between counter-rotating disks (von Kérman
swirling flow) [36, 37], noise originates from internal
small-scale turbulent motions, and mathematical models
have been proposed to describe the phenomena by consid-
ering internal noise as a stochastic term [e.g. 35, 37, 38].

Lastly, we remark on the uncertainty in the critical
Reynolds number in a system with internal noise. In
our experiments, there would be a lowest limiting Re
to sustain the high intensity branch in an ideal environ-

ment without gap noise. Nevertheless, in actual situa-
tions, the condition associated with the high intensity
branch expires at a larger Re because of the influence of
internal noise: Internal noise generated at the disk-rim
gap supports a flow state to exceed the basin boundary
(boundary of quasi-stable states in state space) between
the branches. Also, such effect of the internal noise par-
tially account for the reason that the range of the hystere-
sis region depends on the strength of the internal noise.
This is why Re, and range of the hysteresis region shown
in Fig. 3 depend on AR.

B. Effect of internal noise on the surface switching
dynamics

Sato et al. [39] provided a simple mathematical model
that included a stochastic term to describe internal noise
for the surface switching phenomena. It was based on
measurement data of the free surface height fluctuations
at the center of the cylinder and the intensity of the
spatial velocity fluctuations [19]. The model is a one-
dimensional return map describing the minimum and
maximum positions of the surface height fluctuations
with noise term, which was assumed to have a Gaussian
distribution where the magnitude is a function of the sur-
face height. In this section, we interpret the results based
on this model.

Parametric studies of the model have indicated that
modifying the noise term can reproduce the typical re-
sults observed in both Suzuki et al. [17] and Tasaka and
Tima [19]. Overall, the results of this model suggest that
an increase in internal noise increases the frequency of
appearance of the surface descending events.

In this model, there are two equilibria or balancing
points in instances without noise, corresponding to the
FR state (h > 0, stable) and the TA state (h = 0, un-
stable). We discuss the effect of the noise term in de-
tail below. To help the discussion, we show a schematic
view (Fig. 7) of the balancing points and relate events
at each noise level. The vertical and horizontal extents
indicating degree of surface height and velocity fluctua-
tion, respectively, form a state space, where the color for
each closed area represents the stability or duration of
each state, specifically, white, low, and very short; gray,
moderate; and black, high and long. The arrows display
the available transition between the states.

In the model of Sato et al. [39], the FR is a relatively
frequent quasi-steady state under lower noise conditions
that occasionally fluctuates because of noise and may cor-
respond to narrow rim-gap situations in actual experi-
ments [see Figs. 2(a) and 7(a)].

This quasi-steady state becomes unstable when af-
fected by moderate internal noise, and a transition to the
RO state occurs. Corresponding to this condition in the
experiments, there is a moderate rim-gap [see Figs. 2(b)
and 7(b)]. The RO is a quasi-periodic oscillatory state
that arises by a different “dynamic balance” (as a quasi-



periodic state) from that at FR.

The FR state becomes invisible under high noise con-
ditions, and may correspond to large rim-gap situations
in actual experiments [see Figs. 2(c) and 7(c)]. The dif-
ferences between the states in the model arising from dif-
ferent noise levels are similar to that between the rates of
appearance of the RO state and the FR state in different
disk-rim gap conditions.

Parametric studies on the mathematical model by Sato
et al. [39] provided helpful suggestions to understand the
detail of the transition of the regime, especially the for-
mation of the hysteresis region shown in Fig. 3. In their
model, two balancing points corresponding to the high
and the low intensity blanches in the regime diagram, are
assumed, and the regions between the balancing points
are bounded by the basin boundary, which depends on
stability of the points. Increasing the noise level induces
transition beyond the boundary, and thus the hysteresis
region becomes narrower. Further, a much larger noise
would remove the hysteresis region observed in Suzuki
et al. [17].

VIII. CONCLUSION

We examined the influence of internal noise on surface
switching phenomena accompanying transitions between
turbulent and laminar flows in a rotating fluid with a
free surface. To modify the internal noise we used three
disks of different sizes, each giving a different disk-rim
spacing at the cylinder wall. The influence of the gaps
was investigated dynamically and statistically from data
of the radial velocity and free surface height fluctuations
at the center of the cylinder. The results suggest that
surface switching accompanying the transition from tur-
bulent flow to laminar flow, termed LTS (turbulent —
laminar), is triggered by the gap noise and is a random,
memory-less event. The gap noise also induces transi-
tions between two different quasi-stable states, FR char-
acterized by very small fluctuations of the surface height
and RO characterized by larger, quasi-periodic fluctu-
ations of the surface height, and that situations with
high internal noise produce a diffuse boundary between
FR and RO. Regime diagrams obtained with each disk
showed that a large gap noise narrows the hysteresis
region that is characteristic of the high and low inten-
sity branches of the velocity fluctuations. These results
closely agree with the predictions from a simple mathe-
matical model of the surface switching phenomena that
incorporates a noise term with a one-dimensional return

map [39].
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