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Turbulent spots in plane Couette flow

John J. Hegseth
Department of Physics, University of New Orleans, Lakefront, New Orleans, Louisiana 70148
(Received 5 July 1995

An experimental study of the coexistence of laminar flow and turbulent spots in plane Couette flow is
presented. Coherent structures within turbulent spots near the critical Reynolds number of this subcritical
transition are visualized and studied. Characteristic spanwise lengths and streamwise lengths of the structures
are measured. In addition, a characteristic fluctuation time is also measured. These lengths are interpreted as
the typical width and typical length of streamwise vortex structures observed to be pervasive in these spots.
The characteristic fluctuation time measured the combination of the lifetime and the convective motion of these
vortices. The turbulence generating mechanism at the laminar-flow—turbulent-flow interface is discussed.
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PACS numbds): 47.20.Ft, 47.27.Cn, 47.27.Nz

[. INTRODUCTION viaud[12] have studied the amplitude dependence of pertur-
bations on the critical Reynolds number, observing a power

The shear flow driven by the relative motion of two par- law. This result explains why so many different and incon-
allel walls at a constant distance apart results in a lineagistent observations of the critical Reynolds number have
velocity profile. This classic flow, known as plane Couettebeen reported. They have also observed streamwise vortices
flow (PCB, is also an exact solution of the governing When the PCF is modified by placing a small wire in the
Navier-Stokes equations. In addition, this simple velocitycenter of the channel along the spanwise direcfis].
profile is believed to be linearly stable at all Reynolds num-
bersR [1]. The Reynolds number iR=Uh/v, whereU is Il. SYSTEM AND APPARATUS
the speed of the walh is half the gap between the walls, and
v is the kinematic viscosity. Although a small perturbation ~ Various geometries and driving methods have been tried
cannot destabilize this flow, PCF yields a direct transition tdn attempts to make plane Couette fi¢9-16]. In our sys-
turbulence for finite-amplitude perturbatiofa]. The meta- tem, vertical walls move in opposite horizontal directions
stability of two distinct states—laminar flow and intermittent With the same speed resulting in no mean flp¥6], as
turbulence(laminar flow with turbulent spojs—is typical of ~ shown in Fig. 2. This has the advantage of simplifying the
a transition that can only be generated by finite-amplitudeédPparatus while increasing the time available to observe tur-
perturbations. Based on an analogy with bifurcation theory
this kind of transition is called a subcritical transitig®]. A
photograph of the intermittent turbulent state is shown in
Fig. 1.

Because of the many practical difficulties involved in
PCF, few theoretical, numerical, or experimental results have
been obtained. Previous numerical results by Orszag and
Kells [4] demonstrated that three-dimensional disturbances
can drive the transition to turbulence. The development of
turbulent spots was simulated by Lundbladh and Johansson
[5]. Three-dimensional3D) finite-amplitude solutions of
PCF were discovered by Nagafé]. Previous theoretical
works by Lerner and Knoblocfi7] and Dubrulle and Zahn
[8] studied the influence of small velocity profile defects in
the inviscid and viscous cases. On the experimental side,
Reichardt[9] and Leutheussgrl0] observed turbulence in
different PCF systems and at different Reynolds numbers,
More recently, Tillmark and Alfredsson have studied turbu-5oo_ In this side view the walls are moving horizontally and the

lent spots initiated by localized perturbatiofisl]. Daviaud  yerage velocity gradient is normal to the plane of this photograph.
[2] reported a detailed study of the transition to turbulence inrhs side view is illuminated with white light and the flow is seeded
PCF. They observed the divergence of the average survivalith reflecting Iriodin particles so that the laminar regions appear
time of the spots initiated by localized perturbations andreatureless while the turbulent spots have light reflectance varia-
critical fluctuations in this survival time. This behavior is tions. The photograph shows a region in the center portion of the
also seen in the critical phenomena of phase transitions. lWorking region in the X,y) plane~10h from the top and bottom
addition, they also observed traveling waves moving awadges of the belt and-140h from the streamwise edges of the
from the turbulent regions. More recently, Dauchot and Da-working region.

FIG. 1. Shown in the above photograph is the intermittent tur-
ent state in plane Couette flof?CH at a Reynolds number of
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I'y (dimensionless width of the chanpes I'y=72.7. The
Glass plates  Large driving cylinder longitudinal aspect ratid’, (dimensionless length of the
channel is I',~340 (since the length of the straight section
of the channel is changed when the belt tension is changed
this is an approximate vallieNear the two ends of the sys-
tem where fluid particles enter the channel, the velocity field
will require some length along the direction (or equiva-

V4 lently some time before a linear profile is established. As-
Small cylinders suming a Blasius boundary layer growth of the flow profile
a) by the wall, we estimate that 90% of the flow channel and all
of the test section are fully developed linear Couette flow at
R=500. We have also verified by direct measurement that
the profile is linear as high aR=300 [2,16]. The entire
system is contained in a glass tank filled with water of
v~0.01 S(stoke, S, is a unit of kinematic viscosjty

We visualize the flow by mixing the water with a small
amount of Merck Iriodin 100 Silver Peafk0.02% by vol-
ume. These thin and flat reflective mica platelets, of diam-
eter~10 um, align on average with the stream planes of the

flow (these are the planes tangent to the 3D velocity field,
4 ffffff J: ————— known as streamlines in a 2D velocity figldSimilar
platelet-type agents, such as Kalliroscope or aluminum pow-
der, have previously been used to visualize vortex structures
and turbulent spot§17—20. The platelets respond almost

FIG. 2. (a) A schematic drawing of the plane Couette flow ap- instantaneously to local changes in the flow pattern giving a
paratus in a horizontal plariéhe (x,z) pland. Two large cylinders, change in the light reflectance pattern whenever a change in
two pairs of small cylinders, two glass plates, and a clear plastidhe velocity pattern occurf20]. This visualization method
belt are arranged in a water tank as sho(h A schematic drawing also makes an excellent indicator of turbulence on small
that illustrates the flow channel and the plane Couette flow geomscales[21]. The turbulent regions are indicated by a rapid
etry in 3D. The streamwisg and cross-strearn directions are in  fluctuation in the reflected light intensity field, whereas the
the horizontal plane while the spanwigélirection is vertical. Laser  laminar region’s light reflectance is steady. The evolution of
light sheet visualizations are done in theZ) plane and they,z)  the visualized flow pattern is recorded using a video camera
plane as shown. and subsequently digitized and analyzed by image process-
ing. We have also visualized 2D projections of the velocity

bulent spots. This design simplification is made possible bef"qld in both the vertical and horizontal cross sectigaee
g

cause the two walls are part of the same endless transpare'i‘nI 2Ab)]. This was done by seeding the flow with a white

film belt (363.0 cm long, 25.4 cm wide, and 0.16 mm thick . . )
. - eramic powdefPyroceram 7575, 100 Meshnd illuminat-
We use a transparent belt so flow visualization may be useifhg the flow with an argon laser light sheet. Both thez]

As shown schematically in Fig. 2, two pairs of small rotating and (/.2) planes were illuminated by changing the orienta-

Plexiglass cylinders and two large rotating Plexiglass cylin-

ders guide the endless belt into the parallel wall com‘igura:[Ion of the light sheet. Light scattered by the particles in the

tion. The endless belt is driven by one of the two large CyI_Ilght sheet is reflected in both orientations by a mirror into a

) . for recording.
inders placed at opposite ends of the system. The bel£2M€r@ . . .
driving pcylinder is F;ﬁechanically coupled yto an external Externally applied perturbations that trigger turbulent

motor through a 100:1 planetary gearbox. This speed redu%ﬁOtS are made by ir_1jecting turbulent- Jets into the laminar
tion allows us to operate at a Reynolds number between 10 W. Previous experiments that studied the onset used a

and 700 while maintaining sufficient power to drive the Sys_WeII—controIIed jetin thez direction from a 2-mm hole in the

tem with a high resolution in the speed. The gap between thgark gl:_:\ss plate. This method requires that a small holg be
two parallel walls is controlled by adjusting the two pairs of placed in the belt so that the flow from the jet may pass into

smaller cylinders. In this experiment, the gap is 7.00 mm:[he channel. To avoid disturbances from this hole we have

The two pairs of small cylinders are also used to adjust thénJeCted perturbations from the side in the spanwiseyor

tension in the belt by moving them closer together or farthe|dlreCtlon from a syringe needle placed near the side of the

apart, while the axes of the two large cylinders remain fixed.Channel' Once a turbulent spot is initiated, its evolution is

To stabilize the belt against vibrations, to help in visualiza—visualized by shining light through the transparent belt and
tion. and to define a test section of 1 m, two glass plétes observing the light reflected from the Iriodin in the flow as

black and the other transpargate placed parallel to the film described above. Our system allows for most of t.he flow
belt. These glass plates, which have a longer spanwise Iengﬂ‘%:rosS and along the béthe (x.y) pland to be visualized.
than the belt, also provide consistent open end conditions at

the top and bottom edges of the belt. In the remainder of this IIl. RESULTS

paper,x is in the streamwise directiomy, is in the spanwise

direction, andz is in the cross-stream direction as shown in A critical Reynolds numbeR., where finite-amplitude
Fig. 2. Usingh as a length scale, the transverse aspect ratiperturbations produce persistent turbulent spots, has been
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measured to be as low as 325 in this sysf@@l. Turbulent
spots were initiated by the perturbation method described
above at given values & aboveR,. Their subsequent evo-
lution was recorded in thex(y) plane. In this zero mean
flow apparatus, the spots remain stationary over the time
scale of the rapid fluctuations within the turbulent regions.
This is consistent with the behavior seen in other systems
where turbulent spots travel with the mean flgl8—-20,22.

In the laboratory frame of reference, however, we have also
observed a slow spatial and temporal evolution of the turbu-
lent regions. This evolution is much slower than light reflec-
tance fluctuations within the turbulence. AbdRg, turbulent
spots may form a variety of temporary shapes. Shapes can be
distinguished because of a rough laminar-turbulent interface
or edge, as can be seen in Figs. 1 aif@.3These shapes
include forms that are similar to the spots observed in plane
Poiseuille flow[18] and in the Blasius boundary laygt7].

As these various turbulent patches evolve they grow, split,
shrink, and merge. The turbulent regions have never been
observed to settle into a regular pattern as is seen in spiral
turbulence in Couette-Taylor flopd9,20,23. The turbulent
patches generally do not have straight spanwise edges. The
edges of the turbulent patches are either curved or straight
with the straight edges inclined to the horizorsge Figs. 1

and 3a)].

Spanwise Length [units of h]

Spanwise Length [units of h]

At an R greater tharR. (which depends on the amplitude Streamwise Length [units of h]
of the perturbation and perturbation tyj#2,2)) the intermit-
tent turbulence will last as long as is experimentally feasible. b)

The fraction of the total space that is turbulent increasd? as
is increased. At higheR, the turbulent regions connect to FiG. 3. (a) This image shows the light reflectance field from a
form a network. AtR=600 all of the space in the test section typical turbulent spot in the test region of the PCF channel at
quickly becomes turbulent after the spanwise perturbation iR=420 using Iriodin particles. The photograph shows a region in
applied to the flow. the center portion of the working region in the,y) plane ~10h

As mentioned above, we have observed that the positiofiom the top and bottom edges of the belt ard40h from the
and shape of the turbulent spots evolve much more slowlgtreamwise edges of the working region. The streamwise streaks in
than the time for light reflectance fluctuations within the tur-the image are a typical feature of the spots of all shapes. The
bulent regions. Figure 3 illustrates these small-scale light restraight lines drawn through the image show where the space-time
flectance fluctuations within a typical turbulent region atdata in Figs. 5 and 6 were obtaingt) This image illustrates how
R=420. Figure 8 shows an image of a typical turbulent the turbulent region irfa) is fluctuating in light intensity. Five con-
region that changes shape slowly compared with the lighgecutive images are recorded over 0.2 sec. At a given position in the
reflectance fluctuations. Figuréhs illustrates the rapid fluc- image the standard deviatienis calculated from the five images.
tuation of Fig. 3a). The intensity of each pixel in Fig(B)is  The resulting image ofx(x,y) is plotted on a gray scale and is
proportional to the root-mean-square intensity fluctuatiorsnoWn in(b) Black shows a zeror or no light fluctuation over 0.2
over 0.2 s of a corresponding pixel in Figag Dark areas sec. I_3r|ghter areas show increasing fIl_Jctuanons. The small bright
do not fluctuate whereas pixels with increasing brightnesgCts in the otherwise dark laminar regions are caused by random
have increasing fluctuations. reflections from the Iriodin visualization particles.

Figure 3a) which shows one video frame of the turbulent
region, also illustrates a typical feature of the visualized The broadband spectrum from a singe image is difficult to
flow: we always observe that the turbulent regions exhibitinterpret, especially with the rapid temporal evolution of the
finite-length streamwise streaks. In fact, both Fige) &nd  smaller scale features in the visualization. We therefore took
3(b) exhibit this streakiness. Figure(t3 shows that the 1D pixel slices along th& andy directions, as shown in Fig.
streaky structures are quickly evolving. 3(a) and calculated the time-averaged autocorrelation. Fig-

The streamwise streaks of the image in Figp)3an be ures %a) and §a) show the time evolution of the slices, i.e.,
seen more clearly in the Fourier-transformed image of Figthe space-time diagrams along thandy directions, respec-
3(a) shown in Fig. 4. Figure 4 illustrates this anisotropic tively. Figures %b) and @b) show the time-averaged auto-
feature of Fig. 8a) in that an oval wave-number spectrum correlation functions calculated from the turbulent regions in
lies along the spanwise direction to a greater extent than thine data in Figs. & and Ga). These data show primary
streamwise direction. The peak l&}~5 corresponds to the autocorrelation minima. The valleys are the characteristic
horizontal pixel lines in the video image. It appears that thedistanced , andL, between a bright and datkr vice versa
features in the image have most of their Fourier componentarea in the turbulence. Consistent with the streakiness of the
in only one direction. visualization,L, is larger thanL, . In addition, a spatially
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FIG. 4. Shown above is the 2D Fourier transform of the image Lo |
shown in Fig. 8. The anisotropic light intensity distribution is 3 1
seen by the oval shaped 2D Fourier transform. Streaky structures il os L a

the visualization using Iriodin particles have larger Fourier compo-
nents in the spanwise direction than the streamwise direction. The
high K, peak corresponds to the horizontal pixel lines of the video
image.

Correlation
o
T
1

averaged temporal autocorrelation function, derived fromthe g sL .
data in Fig. §a) is shown in Fig. &c). This shows the char-
acteristic timeT for a bright area to become dafhr vice
versa. This time characterizes the fluctuation time within the -LOF . J [ -
turbulent spots in the visualization. 0 ' 5 1w 5
We have seen autocorrelation minima that are similar to (o) X (Streamwise) [units of h
those described above for typical spots in a wide rang®. of
Within an R range of 3868<R=650, we found that
0.74<L,=<3.6, 0'94£Ly_$1'67’ and g.OiTSO.l& L_X and direction is shown in@). The position of this 1D line in relation to
Ly are scaled by andT is scaled byr/v, as ShOW,n In Flgs. the (X,y) plane in the visualization using Iriodin particles is shown
5_ar_‘d 6.Ly, Ly’ and T depend on the space—tlme' region j, Fig. 3(@). The typical spatial-temporal evolution in the stream-
within a turbulent spot where the measurement is madeyise direction does not show any apparent features. From these
Measurements o, L, andT increase when made near spatial and temporal datapace-time diagramwe have calculated
the edge of a spot and decrease when made near the cent@g spatial autocorrelation for each spatial line in the turbulent re-
This is caused by the strong streaks that appear near thfon. The time-averaged autocorrelation, shown(bi shows a
edges of the spots. Measurements.of L, andT are in-  characteristic valley in negative correlation. This minimum is the
dependent of position in the turbulence when the test regiobharacteristic distanck, between a bright and a daror vice
becomes fully turbulent. versa region in the turbulence.

FIG. 5. Time evolution of a 10512 pixel line along thex

IV. STRUCTURES nel we can see particle streaks in each frame that indicate
particle motion during the exposure. In the laminar regime
Light sheet visualization within the gap has also beernwe are only able to distinguish a region et about the
done in the plane Couette flow apparatus as described abowveenter zero velocity line in thex(z) plane. The particles
Figures 7 and 8 show time-exposure photosstreak pho- near the wall in the ¥,z) plane spend~1/10 of the CCD
tos) of the gap in theX,z) and (y,z) planes. In addition, we camera exposure time in the light sheet so that the laminar
have videotaped the particle motion in the laser light sheetfow appears as flickering points of light. In the turbulent
at R=440. The time exposure of our charge-coupled-deviceegime, we are clearly able to distinguish the particle streaks
(CCD) camera and the velocity of the walls were such thatin most of the channel, except very close to the walls in both
the wall travels~=0.5 cm during one exposure, i.e., a particle light sheet orientations. The laminar and turbulent regimes
travel ~h at the wall in one frame. In fact, we are not able to are clearly distinguishable in the video visualizations.
distinguish individual particles at the wall in the video visu-  Figure Ta) shows a feature often seen in the&,2)
alizations of the X,z) plane. In the center region of the chan- plane: motion in thez direction within a turbulent spot.
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FIG. 6. Time evolution of a 10512) pixel line along they direction is shown ina). The position of this 1D line in relation to the(y)
plane in the visualization using Iriodin particles is shown in Fig).3Previously reported traveling waves that propagate outward from the
spot in the spanwise direction are shown(@ From this spatial and temporal datpace-time diagrajnwe have calculated the spatial
autocorrelation for each spatial line in the turbulent region. The time-averaged autocorrelation slibwshows a characteristic valley in
negative correlation. This minimum is the characteristic distdnceetween a bright and a dafkr vice versaregion in the figure. A
comparison with Fig. 5 shows thhy is larger tharL, , which is consistent with the finite length and width of the streaks in the turbulence.
(c) shows a spatially averaged temporal autocorrelation function derived from the dajaTie valley in negative correlation shows the
characteristic timd for a bright area to become daftir vice versa T is the characteristic time for fluctuations within the turbulence in the
image.
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X b) zZ

b)
FIG. 7. Figure 7 shows time exposure photographs or streak
photographs of Pyroceram particles seeded in the floR=a880. FIG. 8. Streak photographs of the gap in tlyezj plane using
The particles in this photograph are illuminated with a light sheetPyroceram particles are shown. These photographs show the cross
within the gap in the X,z) plane. The parallel lines are light reflec- section of vortical structures in the/ ) plane atR=380 as indi-
tions from the transparent belt and indicate the belt edge. Photazated by the arrows. The parallel lingsighter line on the left side
graph(a) shows velocity components in tiredirection within the  are light reflections from the transparent belt and indicate the belt
turbulent spot, as we have repeatedly observed. The curved partici&ige. Outside these lines some reflections from the wall are also
trajectories just outside the spot can also be seen on the far right gfresenithese reflections also indicate the belt eddais is a cross
this photo. Photograpth) shows another view in a different case of section of the streamwise vortices that we have observed to pervade
the cross-channel flow just outside a turbulent spot. These strongihese spots. The presence of these structures correlates well with the
curved particle trajectories are outside a turbulent spot that is to thetreaks in the X,y) plane visualizations using Iriodin particles and
right, outside the field of view. The beginning of the distorted ve-shows that the streaks are streamwise vortices. Photog@ph
locity profile in the &,z) plane is shown in photograph). shows disordered flow between vortices. Photogrdplshows the
quiescent flow between vortices.
The behavior inside a spot is complex with no distinguish-
able structures in the instantaneouszj plane. We have these curved trajectories. Figure 7 shows several different
also observed cross-channel flow just outside the turbulertases of this behavior. We have not seen any oscillatory
spot. In fact, the particle trajectories, shown in Fig. 7, arebehavior in the distorted laminar profile near a turbulent spot
strongly curved just outside the spot. The video visualizain the (x,z) plane.
tions in the &,z) plane clearly show that fluid particles trav-  Although we have not distinguished any instantaneous
eling toward the spot by one wall may travel across the chanflow structures in thex,z) plane with light sheet visualiza-
nel and move away from the spot along the other wall. Natiion, we have observed vortical structures in tigez] plane
such cross-channel motion is seen in the laminar flow. Thas shown in Fig. 8. The circular structures in the figure are
velocity profile in thex directionV,(z) has been observed to cross sections of streamwise vortices that we have observed
change considerably just outside the turbulent region. W¢o pervade these spots. Their temporal behavior is quite com-
have seen several cases where ¥héz) zero velocity line  plex and includes events such as vortex creation, vortex de-
moves toward one of the walls. Just outside the turbulencstruction, and vortex motion. The vortices seem to form and
the particles reverse directions along highly curved particledisappear quickly, possibly because the structures move in
trajectories. The particles near thig(z) zero line gain speed the streamwise direction out of the light sheet. Particles can
in the z direction. Turbulence has repeatedly appeared nealso be seen to enter and leave the light sheet, indicating an
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x component to the flow. The regions between vortices maylso has flow components in tlyedirection. The flow com-

be quiescent or have a disordered flow in thez] plane(see  ponents in they direction are slower than the flow compo-
Fig. 8). In the interior of a turbulent spot there is no prefer- nents in thex direction. This slower flow exhibits the peri-
ence for vortices of positive or negative vorticity, nor is thereodic behavior often associated with an instability of an
any systematic pattern to the vortex behavior. At the interinflectional velocity profile that generates vorticity near the
face between laminar and turbulent flow, however, an avernflection point. This suggests another possible instability
age motion of these vortex structures away from the turbupechanism where the streamwise vortices are generated by
lent region occurs. Before the turbulence arrives, we have, orr-sommerfeld-type instability of an unstable profile in
observed a shear flow with strong components in $1€)(  the (y,7) plane. Since our visualizations apeojectionsof

p!ane_. In the ¥,2) plane the particles appear to trgvel N ON€he true flow near the interface, we cannot determine which
direction near one wall and in the opposite direction near th?nstability if either, is the true mechanism. A 3D particle
qpposite wall. This shear_ f!OW next forms several large Vor"lmage ve’locimetry’ measurement is needed to learn what
tices all of the same vorticity as the background shear ﬂowmechanism generates the vortices at the spot's edge. Al-
.e., the shear ﬂ.OW appears to roll up Into streamwise Vortl'though we have not been able to determine the vorticity gen-
ces. These vortices almost fill the entire gap and they mov

f h ¢ Vorti f it it ti Srating mechanism in this study, it is also possible that an-
away from the spot. Vortices of opposite Vorticity Next 1orm o mechanism more specific to the conditions at the spot

between these large vortices and the complex flow descnbel terface generates the streamwise vortices at the edge. In the

above occurs. Thg vortices in the interior of the spots have ?ollowing we present such an alternative mechanism where
smaller average diametér-h) and a larger average angular the processes of vortex stretching and vortex tilting explain

velocity (~4 rad/seg than the vortices at the edge of the the flow we observed outside of the turbulerice., cross-

spot(~2m rad/seg. channel flow outside the turbulence observed in thg)(

The presence of the streamwise vortex structures COrreﬁlane(see Fig. 7 and the shear flow and roll up outside the
lates well with the streakiness in th&,y) plane visualiza- turbulence seen in they(z) pland

técms andt shO\t/v ﬂt]at the strr]eaksTarie stre?mmselvornhces. The constant background vorticity of the plane Couette
thi ekr) VO(; edx S ruct: ur?j,ksuc as fay or.vor'|c<is, aiso SI %ow is in the spanwise direction, i.en=(0w,,0). This is
tiOIfIS ?I'Eeestrgzrirr?v;?sae \lo?tifepspgsrsaerr]\?g dlgyslljrglu?:rh(\)/tlzuna:jllzjavug the vorticity of the linear velocity profilévorticity is a

o | - . : “Ineasure of the local rotation or spin of a fluid particle and is
viaud[13] in the modified PCF also manifested this streaki- b P

W te that the streak i ; i tend iven by w=VXxV). Just asV is often described using
ness. We note that Ine streaks or streamwise vortices ten ?reamlines, the vorticity field/ uses the construct of vortex
be stronger at the edge of the spot, while the vortices insid

f i likelv to be inclined to the st ; ﬁnes, i.e., lines to whichw is tangent, to describ&. These
gir:ctsigr? are more likely to be Inclined 1o the SeamwiSe ey jines follow the same fluid particles or material lines

in the absence of viscosity. When there is a turbulent spot in
the proximity of this background flow the evolution of a
vortex line is given by[23] Dw,/Dt=w,(4V,/dy) and
V- DISCUSSION Dw,/Dt=w,(dV,/dy), where D/D){ is theyconzlective de-
The identification of the streaks in the,{) plane visu- rivative[23] and we have neglected viscosity. The first equa-
alization as streamwise vortices makes possible a morgon describes vortex stretching; e.g., a vortex line in yhe
physical interpretation of the autocorrelation lengthsand  direction increases in vorticity when subjected to a positive
L, and the autocorrelation time. L, is the typical length  (dV,/dy) gradient[see Fig. €a)]. This equation also ex-
of the streamwise vortices in thedirection.L is the typical  presses the physical fact that a fluid particle, when extended
width of these structures along T is the typical time it  in they direction bydV,/dy, must spin faster or increa
takes a vortex to grow at a given position, to decay at a givein order to conserve angular momentum. The second equa-
position, to move half its width, or to move and changetion describes vortex tilting where, , when subjected to a
simultaneously. We have verified in thg,£) plane light perpendicular velocity gradiedV,/dy, will rotate or tilt the
sheet visualizations thdtis a typical fluctuation time and,  vortex line to give it arx componentw, . A vortex linew,
is a typical spanwise length of the streamwise vortices.  that follows a material line along will be tilted by oV,/dy
The curved patrticle trajectories just outside the turbulenbecause the larger velocities will move the material line
spot, as shown in Fig. 7, indicate the presence of instantanore than the smaller velocities. If a turbulent spot is gener-
neously curved streamlines in the £) plane. There are sev- ating in the laminar flow a streamwise velocity that changes
eral well-known cases where shear flows with curved streamwith respect to the spanwise directipre., dV,/dy as shown
lines become centrifugally unstable. In the Taylor, Gortler,in Fig. ¥a)], then the background vorticity lines in the lami-
or Dean centrifugal instabilities, for example, the curvednar floww, could be tilted to generate streamwise vorticity
streamlines lead to Taylor vortices, Gortler vortices, or Dearw, . In fact, the shear flow in they(z) plane observed out-
vortices. Each of these resultant vortex structures have thegide the turbulence and described above corresponds to this
axes in the direction of the background flow and would bew, . Thew, background vorticity could also be stretched if a
considered streamwise in their respective geometries. Wearbulent spot is, for example, generating a spanwise flow
have also observed that the strongest streamwise vorticélsat is increasing in the spanwise directipore., a positive
tend to appear toward the edge of the turbulence. This sugV,/dy, as shown in Fig. @]. Alternatively, once a vortex
gests that a centrifugal instability may be generating thdine has been tilted toward thedirection to producev,, a
streamwise vortices at the edges of the spots. The)( dV,/dx gradient will stretch this streamwise vortex line. The
plane visualization, however, shows that the interface regioicrease in vorticity from the vortex stretching is manifested
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outside a spot in plane Couette flow.

A N X .
Y Wy A Further inside the spot, the vortices’ average diameter de-
creases while the average angular velocity of a vortex in-
' Vy creases. Considerable cross-channel flow is also ssmm
X <t Fig. 7(a)]. This suggests that vortex stretching and tilting are
also occurring between the center of the spot and the stream-
e wise vortices at the edge. In order for vortices to be stretched
- ~ == — | A and tilted in the interior of the spot there must be velocity
="\,§__—- - gradients present. The velocity gradients present at a given
_— AN « vortex are probably the result of the complex interactions it
— e has with other vortices. This complex behavior observed in
— < . i
e 1 the (y,z) plane was described above. The effect of this com-

plex behavior in the turbulence on the laminar flow may be
analyzed by using the standard Reynolds decomposition of
the velocityV* and the pressur®* into an average and a
fluctuating par{23] (i.e., V¥*=V+v and P* =P+ p, where

V andP are the average velocity and average pressuaad

p are the fluctuating velocity and fluctuating pressuiiéhis
decomposition is substituted into the Navier-Stokes equa-
tions and the continuity equation. When an ensemble average
is taken over identically prepared turbulent spots, the result-
ing equations are

|
L
G
il

---------------------

v Y _ 1P duyvy dvywy vy,
Xox Yy  pox X ay 9z

vxvx <
‘<<I aVy Vy . 1 &P_ &vyvx_ &vyvy_ vy,
< Vy——+Vy —=-—— ,
ax ay ax 9z

ay

J

b) where the viscosity, the explicit time dependencé/ofand
V, are assumed to be smaller effects. The fluctuation corre-
FIG. 9. (a) lllustrates the vortex stretching and vortex tilting that 1ations such as,v, that result from the nonlinearity are

could occur outside of a turbulent spot. The vortex line in the lami-c@lled the Reynolds stress, and their spatial derivatives act as
nar flow w,, when subjected to a perpendicular velocify that @ forcing on the mean flow. Because the flow is separated
changes in theg direction, as shown, will rotate or tilt the vortex into laminar and turbulent regions, the Reynolds stress is
line counterclockwise to give it ax componentw,. The same appreciable in a turbulent region and negligible in a laminar
vortex linew, increases in vorticity when subjected to a velocity region. The separation of the flow into laminar and turbulent
gradient wheré/ increases in thg direction as shown. The sepa- regions necessarily implies a gradient in Reynolds stress near
ration of the flow into laminar regions and turbulent regions necesa spot interface as shown schematically in Figp) 9The lack
sarily implies a gradient in Reynolds stress at the spot interface asf fluctuation in the laminar flow also means that the average
shown schematically ifb). The two parts of the turbulence energy velocity and average pressure are approximately equal to the
vy anduvyvy along the dotted lines are shown. The change inactual velocity and actual pressure in a laminar region. The
Reynolds stress at the interface also induces a pressure gradientysualizations, however, indicate considerable distortion of
the laminar flow th_at stretghes and tilts the laminar vortex lines intohe velocity profile outside a turbulent region where fluctua-
turbulent streamwise vortices. tions are negligible. This suggests that the change in Rey-

nolds stress at an interface is inducing a pressure gradient in
as vortices of~2h diameter because of the geometric con-the laminar flow. The terms—(1/p)(dP/ox) and —(1/
straint of the channel. The exact process is unclear from thg) (dP/dy) accelerate the laminar flow outside the spot. This
visualization evidence. The cross-channel flow seen outsidacceleration is shown on the left-hand side of the equations
the spot in the X,z) plane, shown in Fig. (&) suggests that above and includes factors such@g/dy that could tiltw,,
w, may be first stretched inte-2h diameter vortices along ~ dV,/dx that could stretctw, , and the gradien#V,/dy that
and then tilted into streamwise vortices. The shear flow andould stretchw, . It is therefore possible that the spatial gra-
roll up outside the turbulence seen in thg) plane, de- dient in Reynolds stress generated by a turbulent spot in-
scribed above, suggests that, may first be tilted into duces a pressure gradient in the laminar flow that causes the
streamwise vorticityw, and then stretched into streamwise vortex stretching and tilting in the laminar flow. This vortex
vortices. Because both visualization planes indicate vortestretching and tilting generates streamwise vortices at the
tilting and stretching, the vortex stretching and vortex tilting edge of a turbulent spot. They are further tilted and stretched
probably occur simultaneously. The final result is that thethrough complex vortex interactions to generate the spatially
backgroundw, is stretched and tilted into streamwise vorti- changing Reynolds stress. The absence of a straight spanwise
ces at the spot’s edge. This idea could easily be tested andterface shows that the vorticity generating mechanism at
the details further examined by measuring the velocity fieldhe interface is enhanced when the interface is inclined. This
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further suggests that vortex stretching and tilting is the causat the interface. An inclined laminar-turbulent interface has
of the streamwise vortices because a spatial distribution ahe property that the vortices at the edge can travel away
Reynolds stress in this shape is likely to create pressure gré&om the turbulence into laminar flow. The stable spiral tur-
dients in both thex andy directions(i.e., induce both—(1/  bulence pattern in Couette-Taylor flow also has an interface
p)(dP/ox) and —(1/p)(dP/dy) pressure gradients in the that is inclined to the background shear flow. The up and
laminar flow that are very likely to generate vortex tilting down moving waves within the turbulence may help to ex-
and vortex stretching velocity gradients. Because the changplain the end effects observed in spiral turbulef2@,22.
ing Reynolds stress due to the fluctuations in the spot leads
to the vortex stretching and tilting, the subcritical nature of
the intermittent state may be explained. A perturbation will
lead to a self-sustaining turbulent spot if it is large enough to We have observed in a PCF apparatus streamwise vortex
generate enough Reynolds stress to modify the nearby lamstructures in turbulent spots. Characteristic lengths, widths,
nar flow so that there is vortex tilting and stretching. and fluctuation times have been measured. The streamwise
Figure 8a) shows the traveling waves, previously re- vortices have been directly visualized in the spanwise cross-
ported in Ref[2], that propagate outward from the turbulent stream {,z) plane verifying these measurements. At lower
region. Similar phenomena in spiral turbulence in CouetteR, the streamwise vortices are more pronounced near the
Taylor flow have been previously reportg2D,22. Tillmark  edges of the spots. These edge vortices also travel away from
and Alfredsson[11] have also reported seeing traveling the turbulent spots forming traveling waves. The vortices at
waves with the wave crests aligned in the streamwise dired¢he edge become tilted and stretched inside the turbulent
tion that move in the spanwise direction. The streamwisespot. The turbulent fluctuations within a turbulent spot gen-
extent of the waves that they observed was quite largd)  erate a stress in the laminar flow that may cause the vorticity
h) compared to the waves we observed3 h). They also in the laminar flow to be stretched and tilted into streamwise
reported that the waves were overtaken by the spreading efbrtices.
the turbulent region, while the waves we have observed were
sustained as long as the turbulence was present. In the full
visualization of the X,y) plane these waves are manifested
as the horizontal streaks or streamwise vortices traveling in We would like to thank F. Daviaud, M. Bonetti, Y.
the spanwise direction away from the turbulence. We hav®omeau, and P. Berdger stimulating discussions and M.
also directly observed these traveling vortices in thez  Labouise, P. Hede, and B. Ozenda for their technical assis-
light sheet. The vortex stretching and tilting interpretationtance. J. Hegseth thanks the support of the Service de Phy-
given in the discussion above suggests that these travelirgique de I'Etat Condens€entre d’Budes de Saclay, where
waves result from the vortex stretching and tilting that occurdhese experiments were done.

VI. CONCLUSION
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