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Abstract

Inthe laminar-turbulent trangition of spherica Couette flow with only theinner sphere rotating in the case of gap ratio 0.14, we
have studied experimentally the evolution of mean and fluctuating velocities at two meridianangles, 6 =60 and90" (the equator).
Logarithmic laws have been obtained on mean azimutha velocity profilesin the turbulent boundary layer near the outer-sphere wall
for =60 and 90 . For areduced Reynolds number, R*=1.2, the phase of afluctuating velocity component in the main-flow
direction advancesradialy from the outer to theinner spherea 6 =90", but ddaysradidly a 6 =60". When R* is4.2 and 6.0, the
phase dightly advancesradialy inwarda 6 =90, but does not change so muchradidly & 0 =60 . The phass-averaged profile of
fluctueting velocity in the presence of spird Taylor-Gortler (TG) vortices differs from that in the presence of traveling azimutha waves.
Spird TG vorticesmaketheamplitude of fluctuating velocity largein the centrd part of thegap. But traveling azimutha wavesmakeit

large somewhat near the inner sphere.

Introduction

We have studied characterigtics of mean and fluctuaing
veoditiesin the laminarturbulent trangtion of spherical Couette
flow (SCF) between a rotating inner and a fixed outer sphere
withthegapraio j3=0.14 wherethe Taylor vortex occurs neer
the equator. In our early study [1], we identified spird TG
vortices, traveing azimuthad waves on toroidd and spird TG
vortices, and shear waves within the Ekmartype secondary
flow, and ds0 daified ther wavenumbers, fundamenta
frequencies and rotation frequendies. Further, we darified the
Reynoldsnumber-dependence of profiles of the time-averaged
veocity (mean velocity) and turbulenceintendity (rmsvaue) for
an azimuthal velocity component in the ggp & 6=80" ad
90 wherethe TG vortices devel op.

However, the rdationship between the TGvortex Sructure
and the meen and fluctudting velodties has not been
investigated. The mean veocity profile near the equator varies
largdly with the location of inflow and outflow boundaries of
the TG vortices which moves in the meridian direction with
increesng Reynolds number. On the other hand, since the
fluctuating velocity corresponds to periodic or unperiodic
fluctuating motion of vortices it is important to investigate the
reldionship between the vortex gructure and the velocity
fluctuation.

Accordingly, we meesured the velodities both & 6 =60

wherethe Ekman-type secondary flow is aways located and at
6 =90" where the toroidd TG vortex occurs and we
investigated the temporad phase difference and phese-averaged
fluctuating veodity in the mainflow drection. We d<0
consder the law of the wall for the meen azimuthd velocity

component near the outer sphere.

Experimental Setup And M easurement Method

The experimentd goparausisthe same asthat in our early
sudy [1]. The gep ratio, S=(R,-R,)R,, is 0.14, where R,
and R, are the radii of the inner and outer pheres. The
Reynolds number, Re=U (R, /v (U,=2xR,f,), is
quas-daticaly incressed from zero, where f,, is the rotation
frequency of the inner gphere; U, isthe peripherd gpeed a the
equator of the inner sphere and v is the kinemdtic viscosty.
In the present paper, a reduced Reynolds number, R*=Re/Re..,
is usad, where Re. is the criticd Reynolds number of the
Taylor indability andis880for 3=0.14 [1].

The messuring sysem of velodities is the same as thet in
our early study [1]. Instantaneous velodities in the mainflow
direction in the plane perpendicular to the radid coordinate r
were measured a any dimensionless disance from the inner
shere, defined as 7 =(r-R,)/(R,R,), @ 0=60 and 90" by a
hot-wire anemometer, and were decomposed into mean and



fluctuating velodities, U, and u,(t), respectivdly (t is time).
Mean azimuthd and meridian velocity components, U and W,
respectively, were obtained from U, as U=U_cosa ad
WU _sne, where o (Stan ' (WIU)) is the time-averaged
angle of the main flow measured from the azimuthd direction
onthe plane perpendicular tor.

Experimental Results
1. Mean velocity prafilesin the gap

Hgs 1(@ ad (b) show dimendonless mean veocity
profiles of azimuthal and meridian components, U™ (=U/U,)
and W* (WU ), repectively, intheggp a 0 =60". Profiles
a R*=0.94 show andyticd results for the laminar basic flow
obtained by Nakabayashi [2]. The experimenta resuits of W*
a R*=12 are dose to the andytica ones. With increasing R*,
the vdue of U™ decresses on the inner-sphere sSide and
increases on the outer-gphere side, so that the gradient of profile
U™ varies gradudly from negative to positive in the center of
the gap. This is because, with increesng R*, W* becomes
large in magnitude near both spheres i. e, the dirculation of the
Ekman-type secondary flow becomes strong. For R*220, the
flow is chaotic and the turbulence activity becomes srong [1],
sotha theprofileof U™ tendsto beflat.
2. Law of thewall near theouter sphere

We consider thelaw of thewall for U™ near thefixed outer
sphere, comparing with the law of the wall for turbulent plane
boundary layer flow (TPBLF) [3], drcular Couette flow with
only the inner cylinder rotating (CCF) [4], and turbulent shear
flow aound a rotaing cylinder in a quiescent fluid
(TSFRC-QF) [9] and thet in a uniform flow (TSFRC-UF) [€],
respectively.

Nekamuraet d. [5, 6] obtained the following logarithmic
law for the mean azimuthd velocity component U near the
roteting cylinder wal of TSFRC-QF and that of TSFRC-UF,
taking into account the effect of sreamline curvature.

U=(1/055)Iny™+98 (TSFRC-QP), @
U'=(1/065)Iny'+65 (TSFRC-UP), @
U*=(U, JaUImni(U /a),

yr={a(-a?r?)2 U/ v. (3ab)

U,, is the peripherd speed of the rotating cylinder; a is the
cylinder radius r is the radid coordinate in the cylindrica
coordinate sygem; and U _ isthefriction velocity.

In the present sudy, following Nekamura et d. [5, 6], we
congder the law of thewall for U near the outer sphere Wecan
obtain the next equation near the outer-sphere wall by imposing
the axisymmetric condition and neglecting the inertia terms in
the Reynoldsequation.
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Figure 1: Mean velodity profilesat 0 =60 .

r*c.,=oond.(t . ,=uroUior-ow), (4
where u and v are indantaneous azimutha and radid velocity
components; and 1 and p ae the dynamic viscosty and
dengity of thefluid.

In the viscous sub-layer where the Reynolds shear stress
- p Uv can be neglected, Eq. (4) becomes

r3[ e r 3 (U 9 r]=cong. @)

By integrating Eq. (5) and using the nodip condition a the
outer sphere, we can obtain thefollowing lineer law.

Ut= y+, (6)
U'=(UINIU. IR,),

Y ={R,RI-1)/3U [ v, (7ab)
U.={(-t o) 0} ° ®

{R,(R,*Ir?- 1)/3} is a proper length scale, as seen from Eq.
(7h). ©, (7 ,<0)isthewdl shear Sressa the outer sphere.
In the fully turbulent region, Eq. (5) can be rewritten as
followsby usng theeddy viscosty v .
r*[ o v.rd U aor=R,%,, ©)
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Fgure 2: Logarithmic representation of the mean azimuthd
velocity profile near the outer sphereat =60 and 90 .

where v . isgivenby

v= k U {Ry(R,>/r*-1)/3}. (10)
By subdtituting Eq. (10) into Eg. (9) and thenintegrating Eq. (9),
weobtain

U'=(l/ k)Iny"+C, (11
where « isKarman congant and Cisan additive condart.

Present experimentd dataa =90 and60 for 4.2<R*
35 areshownin Fig. 2. The present results agree with the linear
law for y*<5. In the fully turbulent flow for R*220, the
following logarithmic law holds

U'=(1/063)iny"+53 a 0=60. (12

U'=(1/04D)iny"+7.1 a 0=90. (13

The logarithmic lav a 6 =60 virtudly agrees with that
for TSFRC-UF [6], whilethat & 6=90" virtudly agresswith
that for TSFRC-QF [5].In comparison with CCF [4], U™ & o
=60" is smdler then that for CCF, while U™ & 0=90" is
larger than the later. Therefore, the effect of wal curvature in
the meridian direction appears strongly in the present results.
3. Temporal phase difference and phaseaveraged
fluctuating velocity in the gap

The tempord phase difference " between two sets of
time-series records, u,(f) @& 7=09 and u,(t) a any n, a the
same meridian angle 0 weas accuratdy obtained from the
two-paint correlation coefficient,

Ri2(7) ,=(Un(®os(Unlt-7))

AUdos” (), 1%, (14)

wheret isatimelagandR, ,(7=1")=1L

Hg. 3 shows the variation of T" in the radid direction.
For R*=1.2, the velocity fluctuation is causad only by spird TG
vortices The phase of the fluctuation advancesradidly fromthe
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Fgure 3: Tempord phase difference T' of the fluctuating
velodity inthe mainflow directionat 6 =60 and 90 .
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Figure 4: Tempord evolution of toroidal and spird TG vortices
a the meridian crosssection (R*=1.2).

outer to the inner spherea 6 =90", while it ddays radidly a

0=60 .For R*=4.2, ontheother hand, thefluctuaionis by
both spird TG vortices and travding azimuthd waves on TG
vortices. The phase dightly advances from the outer to the inner
spherea 6=90, dightly advancing near the outer sphere and
then ddaying radidly inwad & 6=60" . For R*=6.0, the
fluctuation is only caused by traveing azimuthd waves on
toroidd TG vortices a the equator. The phase dightly advances
radidly from the outer sphere & 6 =90, but dightly delays
near the outer ohere and then advances radidly inward & 0
=60 .

To condder the possible reason for the variation of T for
R*=1.2 and 6.0, we observed the meridian cross-section of the
flow. Fg. 4 gives a schematic of the tempord evolution of
toroidd and spird TG vortices & the meridian cross-section for



R*=1.2, where D and E aretoroidd TG vortex cdls ad A, B,
C, Fand G are gpird ones In Fg. 4(b), anew par of soird TG
vortex cdls, F and G, gppear in the outflow boundary at 0 =
85 between D and C. Then, they develop from theinner to the
outer gohere (Fig. 4(c)). This is the reason thet the phase of
velodity fluctuation advances more in closer proximity to the
inner pherea =90 . With the appearance of the spird TG
vortex cdls F and G, spird TG vortex cdls B and C begin to
collgpsea 0 =70 (Fig4(d)). Thetail of the spird TG vortex
cdl C passss through on the outer-spheresde @ =60 . This
is the reason that the phase of fluctuation advances more in
closer proximity to the outer sphereat =60 . Fig. 5 presentsa
schematicof the oscillation of inflow and outflow boundaries of
toroidd TG vortices for R*=6.0. The outflow boundariesa 0

=80 ad 100" of the toroidd TG vortex cdl oscillae
goproximatdy pardld to the equator, but theinflow boundary &
0=90" oscillaeswith afixed fulcrum at the outer sphere. This
is the resson that the phase of fluctuation advances more in
closer proximity totheinner sphereat 6 =90 .

Hg. 6 shows the tempord variation of the dimensonless
phass-averaged fluctuating velocity component <u* | (t*)>
(=<u,,(tf,)>/U,) in the main-flow direction for different vaues
of n.At 6=60 for R"=12, the vdodity fluctuaion has a
large anplitude near 1 =0.6~0.7. Thisfluctuation is caused by
the spird TG vortex tal which is carried away to the pole as
shown in Fg 4. At 6=90" for R*=60, the veodty
fluctuation has the large amplitude on the inner-sphere sde
from the center of the gep. Thisis because of the oscillation of
theinflow boundary & 6 =90, asseeninFg. 5.

Conclusons

(1) The profile of the mean azimuthd veocity component
a 0=60 is srongly influenced by the circulaion of the
Ekmanttype secondary flow.

(2 The logarithmic law holds for the mean azimuthal
velocity component near the outer sphere, athough the velocity
vector with azimuthd and meridian components is largdy
twisted inthelog-region.

(3) When the velocity fluctuation is caused only by spird
TG vortices the phase of the fluctuation advances radidly from
the outer to theinner phereat 6 =90, while it ddays radialy
a 0=60.Whenthevdodity fluctuation is caused by travding
azimuthd waves, the phase dightly advances radidly inward a

0 =90, but does not changeso muchradidly at 0 =60".

(4) Spird TG vortices make the amplitude of fluctuating
veodity large in the centrd part of the gap. But travding
azimuthal waves makeit large somewhat near theinner ohere.
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Fgure 5. Ogdllation of inflow and outflow boundaries of
toroidal TG vorticesa the meridian cross-section (R*=6.0).
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Figure 6: Tempord variaion of phass-averaged fluctuating
vdocity inthemainflow direction for different valuesof 7.
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