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SUMMARY OF PROGRESS

We have achieved a number of our proposed goals, which are reiterated

ADAOO

below.

1. To develop a state of the art digital data acquisition system which

can simultaneously digitize 16 channels of data and a timinag signal
{ from simultaneous high speed movies. |
4 2. Develop visualization techniques which give us three-dimensional

{ information about the coherent motions under investigation, and
which can be used with simultaneous hot-wire angmometry.

1 3. Obtain length scales of the pocket flow module and compare them

to the streaky structure scales as well as the scales of the vortex

ring-like Typical Eddies of the outer region.

4. Determine whether the pocket flow modules (which previously had

f'A been observed to create the largest transfer of any event in the
wall region) occurred as frequently as the bursts found by Kline .
. and others
§ 5. Determine whether the passage of a pocket flow module resulted in .

the hot-wire information found by other investicators to be charac- !

teristic of the bursting process. f[/;‘! 3
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6. To obtain simultaneous visual and hot-wire information about the
interaction of the outer region with the wall which produces the
pocket flow modules.

7. To determine the accuracy of the vortex ring/wall interaction

model of the pocket flow module.

We have met goals 1-5, although as of September 30, our data ’
acquisition system was not operating due to an unfortunate accident.
Information obtained during this year has indicated that goals 6 and 7
will require more study. Figures 1 through 7 as well as AIAA Paper
80-1356 summarize the results obtained.

Figure 1 shows the rate of occurrence of pockets compared to the
burst rate found in the Stanford studies. Both the overall frequency
of occurrence of pockets, and the frequency of occurrence of pockets
during their ejection phase, is shown. We see that the correspondence
between the occurrence of pocke:s ejecting sublayer fluid and the ejections
found in the Stanford studies is excellent. Furthermore, we see that
pockets are observed approximately four times as often, thus three out
of four times that pockets pass our measurement station they are not
in their ejection phase. The data has been scaled usinag wall layer vari-
ables, which remove the Reynolds number dependence significantly better
than outer layer variables. This suggests that the large scale motions
(proportional to the boundary layer thickness) which scale on U_ and
delta, do not control the bursting process as had been previousiy thought.

Figure 2 shows the ratio of the pocket flow module cross-stream
dimension to the streaky structure (Stanford studies and others) spacina,

both measured in our wind tunnel over approximately a decade in Reynolds
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number. We see that the pockets scale exactly as the overall streaky
structure. This reinforced our earlier observation (Falco, Sixth

Biennial Symposium on Turbulence, Rolla, 1979), that the streaky

structure was the result of pockets forming both singly and in groups.

Figure 3 shows the ratio of the vortex ring-like Typical Eddies,
which form away from the wall, to the overall streaky structure spacing.
We can only conveniently measure the streamwise and normal Typical Eddy
scales, but the spanwise scale falls in between these two. We can aaain
see that there is a remarkable correspondence in scales, especially
considering that the measurements extend over a decade of Reynolds number.
This suggests that Typical Eddies might very well be associated with
the formation of pockets, and therefore with the streaky structure.

Figure 4 shows that the Typical Eddies are approximately equal in
size to the Taylor microscale. Thus we see that if Typical Eddies are
producing the pockets, the pockets are produced by microscale motions,
not the large eddies of the boundary layer. This possibility is con-
sistant with the scaling found for the time between pockets (fiaure 1).

Goal number 5 has been attained as described in AIAA Paper 80-1356
(enclosed). In summary, we have found that the pocket flow module evolves

through a series of five stages. Each of these staaes exhibits an event

which has been the subject of study of other investigators. Thus, strona

<weeps, streamwise 1ift-up and oscillation, the formation of sharp shear

layers, ejection and breakup events are all part of the pocket flow module's’

evolution!
Figure 5 shows a comparison of the data from the Blackwelder and
Kaplan's burst detection scheme and the <uv - signatures from the pockets

during stages three and four. Considering that the techniques of condi-
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tional sampling are entirely different, the correspondence is quite
good. It suggests that their "vita" technique picks up the sharp shear
layer that forms during stages three and four of the pocket evolution.
If this is true, then their explanation of the origin of the ejection

as due to this shear layer becoming unstable would not be correct, since
we are in the middle of the pocket flow module evolution. Furthermore,
it is clear from figure 4 of the AIAA paper, that although some of the
Reynolds stress is detected by the "vita" technique, a large fraction

is not.

Figure 6 shows a photo of a vortex ring-like Typical Eddy approaching
the wall. The top of the ring is approximately 100 y+. Flow is from
right to left. We are currently attempting to obtain laser sheet side
views of this quality with simultaneous plan views showing the pocket
patterns (see figure 1 of the AIAA paper), along with four or possibly
eight wire probes to allow us to determine the nature of the interaction
of naturally created vortex rings with the wall layer flow in the fully
turbulent boundary layer. To help us understand, and to make us aware to
look for details of this interaction, we are concurrently studying the
interaction of an artificially generated vortex ring with a wall. This
model flow field not only exhibits all of the features discussed above,
but in addition explicitly shows the role of vortices in the formation
of the pocket pattern, in the streamwise lift-up of wall layer fluid,
and in the ejection of fluid from the downstream portion of the pocket.
We hope to be able to examine the detailed role that vortices play in
the evolution of the pockets found in real turbulent boundary layers

in the near future.
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tHe PRODUCTLIUN UF TURDULENCE
NEAR A WALL

n. £. Falco
vepartament of mechanical Eng.neering
Micnigan State university
ras. vansing, MI. 4o824

Abstract

Simultaneous visual and hot-wire
anemometer measurements of the flow in the
wall region of turbulent boundary layers
nave revealed a close connection between
local repetitive visual patterns seen in
tne sublayer in plan view; wallward moving
nigh speed fluia ( sweeps ), and ejections
of sublayer fluid, seen in side views; and
perioas of important perturoations in the
variables u, v, uv, du/dy, au/dx, and dv/dx
near the region of maximuw turbulence
proaduction. Our interpretation of tne data
inajicates that the turbulence production
process is initiated when a
tnree-dimensional vortical sweep, of scale
the 0(100) wall layer units, interacts with
tne wall, and that it is completely
agescrioable in terms of the evolution of
tne resulting three-diménsional vortical
sweep/wall interaction. 1t i3 snown that
tnis tlow @module contains the features of
tne turbulence production mechanism that
nave peen observed Dy many investigators.

1. Introduction

Ine search for mechanisas responsible
for tne production of turbulence near a
wall nas resulted in a large number of
semi-empirical models. Some of thease
explicitly model the longer time scale
events, and infer that rapid breakdown of
the wall region flow will ensue as a result
o! the modifications these motions make to
the mean velocity profile, while others are
principally concernea with detailing the
period during which the rapid changes
occur. Moaels of the first kind have been
put fortnh by Townsend,! bakewell and
Lumley,z Lee, kckelman and Hanratty,3 and
others. 1hese consist principally of
streamwise orientated vortices which are
attacned to tne wall. From space-time
correlation measurements, Fakewell and
Lumley found little fall-off of the
correlation of streamwise velocity ( u )
over 40 viscous lengtns, suggesting that
tne vortices are well correlated over this

lengtn. bome authors nave hypothesized that
the vortices extend tne order of x* = 1000
( x* = xu®/ v ), which corresponds to

tne orader of tne longest streaxs found in
wall region visualizations. HKecent probe
seasurements of blackwelder and rckelmann®
nave confirmed the existence of streamwise
vorticity in tne sublayer, and suggest that
1t occurs in counterrotating vortex palirs,
but they were unable to measure the lengtn
of tne vortices.

models wnicn are concerned with the
aqetails of tne raptd breakdown of sublayer
flutd aocuzented by Kline,

and co-workers

at >tanforo university,®,0.7,® Corino ana
prodxey,Y urass,'0 and others, nave
nypotr.s.zed wany different mechanisms to
wescrioe tne events. 1nese include
instability of the instantaneously
inflectea velocity prof110.2'7"‘
separation of the wall layers resulting
trom local adverse pressure gradients,®
tormation of snarg shear layers which
pecome unstaole,’! inflows and
continuity, 3.} wave focusing,!?
induced l1ift-up of wall layer
fluia,10.17.10.1Y  yorpex-wall
instabilities €0 and vortex ring/wall
1nLeractlons.é‘

vortex

lt is possiple, by
detajilea differences un
classify thea as models wnich start with
concentrated vorticity, and describe tne
results of stretching of this vorticity on
the wall region flow, or models which start
«ith tne formation of a srear layer in the
wall region, the breakdown of which results
in the ejection of fluid 1nto the outer
region. An exception is the mocel of Ref.
14, wnich relies solely upon continuity.

ignoring tne amany
these models, to

bounds on the time scales,
pretity accurate estimate of the
scale of tne wall region events nave been
establis.ed. Practically all of the
interesting events in the wall layers take
place 1n t* = tu®</y of less than 30,
and that within this period, nhigh shear
layers develop, intense uv contrioutions
due to nign speed fluid moving towards tne
wall occur (sweeps), as well as intense uv
contrioutions due to fluild wmoving away froa
the wall (ejections), and pressure peaks of
botn posltive and negative sign.
rurthermore, both space-time correlation
estimates and measurements of the passage
of eitner a visual impression {( such as a
pocket ), or a pressure pulse, indicate
tnat tne convection velocity is
approximately .olg An ifimportant point for
poth of tnese quantities is that there does
not appear to be a significant hkeynolds
number oependence. lhus it s possible to
convert from time scales to lengtn scales

and a
velocity

for the purposes of comparison, with
relative contidence.
1ne forgoing inforwation suggests that

visualization of tne wall regicn shoula
reveal o1sturtances with a length scale tne
orager of 1% =(t*) v / B¢ 100, for

Ycu pressyre pulses,

pursts, or sweeps, or

or nizn shear layers Combining thnis facc
witn tne spanwise scale of wall layer
events ( hef. 3,5,6 ) which tis
approximately z* = 10U, it {is expected
tnat “local” tnree-dizensional features

bursting process Falcole

visual indications of tne
appearance of ccrnerent, repetitive
aisturbances of tnis scale {in the sublayer
of a turobulent toundary layer, which
occurred at randoa posftions with respect
to the longer streaky structure {( see Rel .
5,0,7,06 ) Ihe techni jue used was to (111l
tne poundary layer with oil fog

will marx tne
{irst reporteg




contaminant, and then allow it to wash out.
A sheet of laser light illuminated the
region from y*=y to 14. After some time, a
condition existed in which, on average,
there waa smoke between the laser sheet and
the wsll, but clear fluid above. During
this period we could see regions of clear
fluid of the scales mentioned above foraming
in the light sheet. Because of their
appearance and small scale, we called the
regions “pockets”. It has turned out that
the pocket patterns are more clearly seen
using the flow visualization technique,
used extensively at Stanford, of oozing
marker into the sublayer through a slit in
the wall. Figure 1 shows two photos of the
sublayer. The pocket patterns are clearly
seen. The exact shape depends upon the
stage of evolution of the pockets as
discussed below. The average scale of these
patterns is the order of x* ¥ 100, z* ¢
100 ( Falco?0 ), and their average
convection vel .ty is approximately the
same as reported for other indications of
important wall region events. Thus, the
pocket pattern appears to be assoclated
with the bursting process. 1t was
unexpected, however, to find that pockets
appeared ooth when the long streaky
structure broke up ( Stanford references )y
as well as in between the long streaks.

we intend to show that the pocket
pattern is, in fact, the footprint of the
turbulence production process that has been
identifed in the above mentioned
investigations, and that the pocket flow
module incorporates both the sweep and
ejection events as well as the formation of
an intense shear layer.

11. Experimental Techniques

cxperiments we.e conducted in a
continuously rurnning boundary layer flow
visualization tunnel. The flow was made
visible by cont:minating it with tiny oll
droplets. This marked fluid nas been
visualized with both flood lighting, and
laser lignt which was expanded into a
sheet. Details of both the tunnel and flow
visualization technique are describped in
nef. 25. For the present experiments, two
additional techniques have been used to
visualize the flow. The o1l fog "wash out"
tecnnique, mentioned in the introduction,
is a technique which allows a quasi-unifors
concentration of marker to be present in
the wall region over several boundary layer
thicknesses, without probleams assocjated
with marker introduction. This was used
together with one or more sheets of laser
lignt, whicn 9ould be placed where desired.
1ne other was the smoke slit technique. A
specially designed slit, which introduced
oll-fog at 9 degrees to the oncoming flow,
across & 30 cs line, was coambined with
flood light 1llumination, to obtain an
alternative view of the pockets, and get
better information about 1lift-ups.

Hot -wires were placed in the flow {in
several of tne experimenta. Details of the

probes, calibration techniques, and data
acquisition, are described in Ref. 23 and
25. briefly, the system allowed
simultaneous sampling of all the wires. The
most used probe arrangement consisted of &
wires, two arranged in an x and two
parallel to each other, 80 that u, v, uv,
and du/dy could be directly obtained, and
du/dx and dv/dx inferred using a local
Taylor nhypothesis. Combining dv/dx and
du/dy, Wy was obtained. At Ro e 100b, the
parallel wires and the x-wires were
separated by y* =z 3.6. Additional details
are given later.

I11]1. Results

It is important to distinguish, at the
outset, the difference between the visual
pocket pattern imposed on the marker in the
wall region, and the signatures resulting
from the flow at various probe positions
within, to the side of, and above the
pattern. 1f we assume that some flow module
is responsible for the pocket pattern in
the wall layers, then the signals and
visual pattern must show a strong
correlation, but will not, in general, show
a one to one correspondence. Falco<¥ nas
found that in the case of pocket patterns
that formed within a lamsinar boundary layer
that was perturbed by a turbulent waxe, the
hot-wire signals indicated the occurrence
of significant perturbations dboth within
the visually defined boundaries of the
pocket pattern, as well as within
approximately one pocket length downstream
of the pattern. ln this case, both hot-wire
and visual signals indicated that a flow
msodule was approaching the wall. 1t
produced tne pocket pattern as well as tne
perturbations just downstreas of the pocket
pattern. Based upon this inforzation, we
will call tne entire sequence of events
that is associated with the formation and
evolution of the visual iapression, and of
the hot-wire signals in the wall region
whicn are associated with the pattern the
"pocket flocw module™,

1t 1s {mportant to determine the rate
at which the pocket pattern passed a fixed
point, and to compare this with the
measured burst rate obtained by a number of
investigators. 1ln order to compare
information, we nad to count pockets that
were resulting in tne lift-up of wall layer
fiuiad as they crossed the observation
point. From our experience with pockets (
see hef. 23,24), we new that the majority
of tne lift-ups occurred after the pocket
reached its “fully developed" state. Tnis
stage in the pocxet evolution is
characterized by the developament of a
pointed appearance of its upstream boundary
( details are given pelow ). Counting only
fully developed pockets, the number of
pockets per second, non-3ivensionalized by
the free streanm velocity and the opoundary
layer thickness at k = 135%, i
approximately 5. Tanle 1 compares this
value with others found in turbulent
boundary layers. It is concluded that
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pocket flow modules must be associated with
the bursting process. Furthermore, it 1ia
worth noting that if pockets were counted
without regard to their stage of evolution,
the rate of occurrence increases
considerably.

Inspection of the combined
simultaneous visualized wall layer flow and
hot-wire measurements, nave shown a high
correlation between the evolution of the
pockets in which there is a rapid evolution
of the marker, and the periods of high
instantaneous Reynolds stress, high shear
and/or vorticity. The picture is, however,
complicated, due to the rapid evolution and
change in the phasing of these quantities.
1t nas peen found that all four of the
possivple motions that can contribute to
neynolds stress are associated with the
pocket flow module at different times in
its evolution. These four events have been
called ejections ( u(-), v(+)), sweeps (
ul+), v(-)), inward interactions ( u(s),
v(-)), and outward interactions ( u(e),
v(+)), see Wallace et al.206 1t 5s thnus
necessary to examine signatures at specific
times after formation of a pocket pattern
to uncover the fact that a highly coherent
evolution takes place. Measurements of the
lifetimes of pockets have shown that they
persist for the order of t* : 30, However,
they evolve continually over this time
period. Experience has shown that the
signal response can change signficantly in
t* = 4, whicn i1s short compared to the
time of passage of the pocket flow module
over a wire, which depending upon the stage
of evolution, ranges from t* = 10-30. This
fact, combined with the difficulty in
determining the moment of formation of a
pocket, has made the process of
accumulating enseamble averages of the
pocket signatures at various representative
intervals in the evolution of the flow
module a prolonged task. Thus, the results
presented herein will be qualitatively
representative of the evolution. Work is in
progress to more accurately measure pocket
inception and to build sufficiently large
ensembles, however, the nature of the
turbulence production mechanism can be
clearly shown with the present information.

Fig. 2 shows siamultanecus records of
uv, du/dx, dv/dx, du/dy, v, and u, for 6
boundary layer thicknesses. The boundary
layer conditions are: R = 1068, u®* =x.101
ft/sec delta = 5 1n, y* = 16, We can see
that tnere are two regiona where
significant uv contributions occur, {f we
compare the signals with the long time
average value of uv, -.014 ftee2/s5ec. we
nave inspected records such as these
covering ¢07 delta. Fros this saaple we
confirmed that these peaks are
representative of instances of large uv.
Iney are respectively 6.4 and 10 times the
average uv. Tne recent work of Coate-Bellot
et al.‘7 also suggests that these peaks
are signficantly higher than their quadrant
oreakdown descrimination technique
requires. Cur simultaneous visual

measurements have shown that bdboth of tnese
peaks have resulted from the passage of
pockets. The time for passage of the
earlier evolving pocket flow module was t*
z ¢3, while the later pocket required t* =
¢b to pass over the wire. lhese times are
indicated by vertical dotted lines in the
figure. Although ooth signatures resulted
from the passage of pockets, they are
significantly different in content. The
eariler signature contriputes it largest uv
as the result of upward moving low speed
fluid, {.e. An ejection, whereas the later
signal contributes its largest uv due to
wallward moving high speed fluid, f.e., a
sweep. The age of the two pockets was t* =
16 and t* = 12 respectively. Inspection of
the remainder of tne data record revealed
that a very high correlation existed
between significant perturbations in the
uv, du/dx and dv/dx and du/dy signals, and
the passage of the visual pocket pattern.
Signals such as those in Fig. 2 suggested
tnat the signatures were evolving in a
consistant manner as the pocket evolved,
and that the evolution involved creation of
both ejections and sweeps as well as the
other interactions and tne formation of
intense shear layers.

An exaample of tne strong
correspondence between the pocket and the
signal perturbations is exeamplified by the
velocity gradient du/dy. The nuamber of
du/dy peaxs which were greater tnan
¢<du/dy> was first found. There were 47 of
thes. Then the movies were examsined to
determine what percentage of these peaks
was attributable to pockets. It was found
that 45 were, an astonishing 96 per cent.
we tnen determined the age of tne pockets
that were associated with the high peaks.
Tne result is shown in Fig. 3. It can be
seen that pockets had to be at least t* =
b old before being able to produce s shear
layer of tnis magnitude, and that pockets
older than about t* = 30 rarely contained
such a high shear layer. The averaze age of
pockets contriputing du/dy > 2 <du/dy> was
t* =z lo. Vorticity peaks at 2<du/dy> wvere

of duration t+ =: 3 with a standard
geviation of t*+ = 1.7. Pockets which were
younger than t* : b were found to exhibit

a different du/dy signature. lIn general
they were associated with values of du/dy
which were lower than the mean value.

rurther progress in understanding tne
pocket evolution requires a breakdown of
tne evolution into stages, each
characterized by the doeinance of one of
the Reynolds stress producing events. The
data indicated tnat it was possivble to coae
close to achieving this goal, by fdentifing
five stages 1n the evolution of the pocket
flow module. we will now discuss these five
stages paying special attention to the uv,
du/dy, and u signatures, and the visual
impression of the pocket froa its
inception. Fig. 4 shows these three
signatures and tne visualized pocket
pattern for eacn of tne five stages. lne
stages oiffer somewhat in duration., Stages
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one through three have a duration of
approxiamately t* = B. Stage four had a
duration of t* = 12, and stage five was
approxisately the same duration. There was
an overlap of approxisately t* : 4 from
the seasured time of pocket pattern
formsation, to a given stage. 1The variation
in the signals, the fact that rapid
evolution occurs in t* = 4, and the
uncertainty of the inception instant all
coabined to limit our resolution. 1t should
be noted that the data was digitized at s
rate of 10 points per t*, 30 that the
resolution prodbleas were confined to the
visual measureasents. The signatures are
~eyeball™ ensemble averages of the signals
from Y0, 7, 6, 9 and 17 occurrences of
stages one through five respectively.
because of the considerable cohérence of
the evolution, the qualitative features of
the stages are adequately represented by
samples of this size. An attempt has been
aade to indicate approximate
non-diaensional magnitudes of the signals
and to dravw the teaporal extent so as to
approxisately scale with the visual
tmpression. In all cases, only pockets
which essentially centered themselves aslong
the probe path were used. This criterias was
applied loosely, because of the obivous
difficulties, but enough observations of
pockets in the relevant stages which were
not very well centered were made to add
qualitative confidence to the discussion
which follows.

we begin with stage one, which
includes pockets that intersect the wire
anywhere fros their inception, to t* = 8
afterwards. The visual i{mpression in either
the laser sheet illuminated buffer layer,
or in the sheet of marker ocozed out of a
slit in tne wall, is of a roundish hole
being created in the smoke-marked wall
region. lt appears as if the marker has
peen pushed out of tne way by a wallward
moving disturbance. The streamwise velocity
is high over the entire hole, and the uv
signal ir the order of 10<uv>. The highest
uv signais of the entire record were found
during this stage of evolution of the
pocket flow module. The shear du/dy is less
than the long time average. 1hus we can
conclude that pockets are formed by sweeps
which come to the wall. lt is worth
remarking that we would not in general
expect tne low value of du/dy, since both
tne flow models of hef. 12 and Ref. 13
suggest that fncoaing high speed fluid
results in a high shear at its interface as
it approaches the wall. Furtheramore, in
only | out of the 1b stage one pocket
events, was du/dx significant. Taken
together, tne absence of both of tnese
shears argues against the nypothesis that
fncoming higner speed fluid results in an
intense, sharp shear layer. we will return
to this point later.

Stage two is characterized by the
formsation of the characteristic creacent
shape ( see fig. & ), between t* : 4 and
t* = 12, Plow visualization at this stage

tadtcates the lift-up of sublayer rluid andg
1ts rotation about a vortex which s
apparently formed or smplified along the
boundary of the crescent shaped pocket !
Falco€3 ). both laser sheet visualization
and sublayer slit visuslization (using
flood lighting) show this 1ift-up of
sublayer fluid, and 1ts rapild returr back
to the wall. Tnis rotation nas the saae
sign as the vorticity of the mean flow at
the upstream end of tne pocket. The vortex
nowever, follows tne contours of tne
crescentl, and thus has a streaswise
orientated portion. The streamwise velocity
signal during this stage continues to
indicate that high speed fluid 1s in thne
pocket. The uv signal remains strongly
negative, indicating the continued presence
of the sweep. however, a dramatic change
has occurred in the du/dy signal. It nas
become strongly positive near the upstreaan
end of the pocket pattern. Ihis result
supports the visual observations mentjoned
above ( also see Hef. ¢3 ), that a vortex
nas forged, or that vorticity has been
asplified along the pocket boundary.
Furthermore, du/dx remains small,
indicating that tne flow within the pocket
is not an inclined snear layer. This gives
additional support to tne picture of a
vortex at the boundary.

Stage three occurs in pockets that are
between t* = 5 and 16 old. Tne pocket
pattern becomes pointed at its upstreas
end, and elongated. Tne lifting up of
sublayer fluid continues, but is primarily
observed to happen along the sides ¢f the
pocket as indicated in Fig. 4. Ine
streamwise velocity perturbation begins to
show the formation of a region of low
velocity forming a little bit downstream of
the pocket pattern, however, within the
boundaries of tne pocxel nign speed fluid
continues to move towards the wall
maintaining the large uv contribution. Ine
uv signature shows that just downstreas of
the pocket pattern an ejection 1is
developing. At the downstream boundary uv
1s positive, indicating the high speeg
fluia ts @oving away frowm the wall ( an
outward interaction ). The velocity
gradient du/dy continues to change
appreclably. Just downstream of tLhe pocket
pattern, it nas become significantly
positive. At the downstream pocket
boundary, du/dy has become significantly
lower than the mDean sShear. Upstreaa, withln
the ooundary of tne pucket pattern It
remains positive, bul 18 reduced 1in
eagnitude from tne values it nad in stage
two. we have also inspected dv/dx at this
stage. lt i3 in general much smaller than
du/oy, and only occassionally beconmes
significant. During stage three, however,
dv/dx shows a significant positive value
during the time du/ay is negative ( lower
than tne mean shear ). Inis suggests the
presence of vorticity of sign opposite to
the mean vorticity of the layer is present
at the downstream boundary of the pocket at
thi1s stage
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stage four occurs when the pocket L3
vetween )2 and <4 t* o0ld. lhe visusl
iapression indicates a steepening upstireas
portion and apparent rapid movements toward
the downstreas end, which are somsetimes
accospanied by vorlices, and somstises by a
puildup of smoke near the front of the
pocket pattern, indicating & msore intense
and concentrated lifting of sublayer fluid
than previously ooserved at the upstreas
end or along the sides. Visual results
using two asutually orthogonal sheets of
laser light, one in the dbuffer layer, and
one perpendiculsr to the flow, have shown
that a discrete vortex 1s rapidly lifted up
from the wall reglon. Fig. 5 snhows this
event occurring. The top half of the photo
snows the wall region structure. One of the
pockets 13 roughly centered over the
vertical 131gnt sheet which produces the
lower half of the picture. In the side view
{ lower half ) at the downstreams end of the
pucket pattern, we see a vortex which {s
aoving away from the wall. An indication of
tluid rotating in the opposite direction
ismediately benind this vortex is also
appsrent. lhe streamwise velocity
perturvation shows that the region of
velocity Jefect which formed in stage three
nas increased in intensity, wnile the
region of velocity excess, still contained
within the pocket poundary, has only
sligntly diminishea. lne uv signature, on
the other hand, indicates that the region
¢f defect is assoclated with a
significantly strengthened e jection. At the
downstreaa boundary of the pockel, uv is
positive; the outward interaction continues
at about the same strength as it had during
stage three. Wwithin the boundary of the
pocket outline, the sweep also continues,
but at a significantly reduced 1ntensity,
which considering the fact tnat the
velocity excess 13 still relatively large,
suggests tnat the high speed fluid has
vpegun to move more parallel to the wall (
this may be the cleansing sweep noted by
Ctorino and brodkey ). 1he velocity gradient
du/dy continues to undergo significant
cnanges. Just downstreaw of the boundary of
tne pocxet pattern, the gradient increases
vy 8 factor of tnree. The width of this
peak, tne largest du/dy magnitude found in
the boundary layer at this level, is the
order of t* = 3. The du/dy peak which
formerly exjisted within the pocket pattern
quring stage three and earlier, nas
gi1sappeared ecxamination of tne gradient
dJu/dx, shows that it also attains its
maximum values during this stage of the
pocket's evolution, which also i3 the
maximus Qu/dx found in the boundary layer
at y* = 16. 1ne average duration of this
peak about its zero value is t* : b6.7.
cxamination of dv/dx indicates that it ts,
on average, close to zero at the downstreaa
poundary of the pocket pattern, unlike the
significant positive value which exjiated
guring stage three. The overall impression
is that, at stage four a strong shear layer
develops at the downstreas end of tne
pocket 1a3pression, and that strong e)ection
ot sublayer fluid is cccurring 1mmediately

downstress of this shear layer Inis
plcture nas deen reviousiy arrived at oty
ccxelmann ot al ! and by blackweljer's
we Now See where it fils in the overal.
proguction process ( we wil]l return toc
these cosparisons laster ).

S>tage five occurs detween t* : (U ang
te z 3V, approniasately By this tise the
visual tapression of the pocket pattern has
becose distorted, bdbutl sose evidence of 1ty
presence 183 usually detectavdie The
ilmpreasion of intensive mizing at the
downstreaa end s sumeljmes apparent 1n
experimsents whicn visualized aonly the
sublayer or buffer layer in the
experiments with siaultanecus plan ana »s:de
views, we can see an orderly ejection,
described during stage [ocur, suddenly
bDecome Chaotic, with all ftngdai-aticts of
vortices and/or any other sense of
conerence Jissappearing. 1%1S auesn't
always happen durfng the ejectioun
S>omet1mes the vortices can De sSeeun Lo
continue further out, and evulve
substantially But these occurrences were
rarely observed compared toc thuse whil n
tnvolved breakup between y* : tbebO
Looking at tne signals,we see tnat tne
streamwlse velocCitly redcnes ils min:sus
value, and 18 negative DCth duwnsStream ai ¢
witntin the pockel gpattern lhe nigh speed
region witnin the buundary f the . «xels
has dissapeared ihe uv s1griature s .ws ar
intense ejection, | e , tne orJder of [:uv:
{ note that tne (ntensity of sweeps 1in
stages one tnrcugh tnree 1s a Jittle
nigner, the crder of 8-1U<uv> | Tnese
ejections are the 203t i1ntense co0served in
the entire record In %9 per cent of the
saaple, a s@all positive v contritutyor
%as noted at the end of the eje tior
interval, whinch was Gue tc inward @soving
tluid of iow speed. 1ne veiocity qradlent
du/dy 1s stgnifi.antly tel.w 'te mean shear
of tne layeér suggesting trat eilher thne
ejecting [lu1d nas ftluctuating vorticity !
opposite sign frca tne Tedn vortioity of
tne layer auring 1ts breakup, or trat the
Dreawkup results 1n a weil mixed region f
low and nign speed !t juid Furtrner
inspection indicated tnat near the ufstream
end of many of tne ejectiun intervais,
du/dy vecame slightly pcsitive Tne
gradient du/dx consistentiy shiwed (r A" 're
fluld first acce.erated and trnen
geceleratens as tre eje_ ticr, jassed ver tte

prove lhe gradient 1v !x wds ¢3¢ ! a..,y
z2ero tnrocugnocutl atage five e ver s, .
lopresston gained frum tnis stage 18 t-at =

large scale, weil tixed region o«f [Lu1d 19
ejecting away [frue tne wall rnear tne
Jownstream enad of the pockel jattlern ine
auvsence uf significant values «f du 1x or
dv/Jx sSuapests tne “well vived"
Jescription, a8 dues the negat ive Y4 ay
found Jduring tne ureaxup Tne neqga'ive
fiuctuating du/3y Tay also sugdest tnatl the
overall breaxup w,t1cn has f(luctuating
vorticity ¢f . ppesite sign frug that of tne
tean (.cw

Iy . Motel 51 tretustioon rroce sy




N
I
¢
b
i
?
T

ihe seguence Of events descrived avove
involved all of tne four seynolds stress
producing events, sweeps, ejections,
outward interactions and inward
tntersctions ]t vegins with high speed
fiuld soving towards the wall As noted by
Lighthnili%% ynetner thnis fluld ts
irrotationsl or rotational it will result
in tne production of vortiocity on the wall
around Lhe stagnation polnat t crestes Un
Lhe downstreas ailde of the aweep, this
vortioity wili nave the same sign as the
sean vorticity of tne boundary layer, but
on the ups.rease side 1t will be of oppoaite
sign AS thls newly created vorticity
fasses the prodbe during stage one, we
should see an incre e in du/dy due to 1t
dut we 3on’'t Ilnstesd, we nave a decreasse
1n du/dy This cen nly be explained If the
sweep has vorticity ".f Lpp.site sign froe
the aean vorticlity ! the layer K at 1itas
Jcwnstreas end 1f tnis vurticity was
strong enuugh the net effect couid be 8
Jecrease 1n du/Qay This possliolilty 1a
suyported by the fact that Ju-ds is not
significant te._ause, ltasxen tugether, the
tactls indlicate that the sweep does not
appesar Lo create & shear jlayer at its
Juwnstress boundary

If wortilclty of ovp, .site sign exists
st tne front of the sweep, which crestes
the tnree-4izsensional po-uet psttern, It 1
regscrabie L., expert that thespe vortes
Lsnes “l.se upur thneaselves at the upstress
end of the three-d.seralonel sweep The
events of astage twC aupport this
s.ggestlon wenen tne pocuetl flow modulie
+»a38€8 during stage two, we find a sharp
Ilncrease in du/dy near the uistream engd of
the pocke! pattern, and visual .Lservaticns
snow tnat sublayer fluid 1s lifted-uf frus
the wall, rotates "ound & vurtesx core
which has the same sign as the sean
vorticity of the layer, ani returns tc the
wall Inis 13 the motl r we woulld ezpect tf
tne Sweep were @ vortex ring it is tne
sppusite Uf wnat we woul3d exjpect frum tne
vortlcity generated by waliward ascving
irrstaticnal fluld which created a
stagnatlion point flow

h. wever K even & v .rtes 11 4 3B.ving

wards ‘he wali., Crea’es & 1 agratioun
yweBt . ARY gererates v.rtl 1ty a8 - Jiceted
in o me! N Tt .8 At the ;8! eas end of the
p. ket 1. . w 2c3.,ie, v ctirlty of .pjesite
sign from trnat of trne mear v rticity of tne
.ayer (v 'elrg reateq lte fact that the
et wort'l 1ty sn w8 8 str.rg lncerease adove
trne @ran vaealue (i3 ates trat the wallward
asving vorti ity in the seveep 13 teing
strorg.y aspitified Tnis aspiifi-stion
wiu.d be e1pected 1! & virtesz ring
tupr.a 1.ed the wall navirg v.rti ity of tne
11dn we nave tust (ndi a'ed tou Ge

.nelstant with tne swrep e -a.se¢e the
effect of tne wali, 43 = deled by i1nvisctla
tneory, w-uld be t+v stret h tre ring, thus
asplifying its varti 1ty Tnis
eaplification of verti-fty In tre sweep
4190 heips us .nders’and why, during stage
one, the voerti ity irn tre “~wrep., whi~h was

of opposite sign from the msean vorticity of
tne layer, aosinated over both that
produced by the stagnastion point flow and
the sean fiow vorticity

vuring both stages one and two, it was
noted that du/as resained insignificent,
suggesting Lhat 8n 1ncliney shear layer was
not present during these tises nhiwever,
auring astages Lhree end four we noted tnat
du/ds inor ed significently Luring stage
four, the average of the masisua values of
du/dx 18 30U per cent of the average of tre
sasieus values Oof 3.:23y voth sazt.suds
QCCur c.08e t. ea tner |} Luring stage
three. there 13 a iear inaicetiun of ar
increase of vortl jty of tne sase sign as
the sean vorticity of the ,ayer, . orring
at the Jowhst-eas erngdg .| the pocuel f.ow
acdule Tris wurti 1ty s jres.sat.y a
rejistrituticn of tre v.orti: 1ty .realed Ly
the stagnatli.n |  .nt !, . w ‘ue tL the swee;
int. & coun.entratl n trhat 1y slgnif: art .y
ALLvE Lhe BeaNn . &3 v.Sud.i)y S L *arY a9 &
vortes in slje view ,a3¢r visva.l!fat: rs
burtng tre t,se 1! tases the | . sel ,a'!e:

tc evo.ve Ir 8 Stage trree t * age 1. ur
L]

the (.. .w at y [ . '4* a,,ctars
e lue ey iete . 1" L k9 var 1re "¢
of tne ; set tut irsteal apjears - te

regreseted Ly & S'arj *Tevar .over
Visus.lzat: 3 8% w tra' tre w rt., es -

ealst, ge:rera..y .rli, stage ! . ae N
suoved al ve ' he .- e tel e s L .
tig . rres .xat .y [ N '
J.ow Al a2l , ', ! t7e sNwee, . T e
vortao .ty reat e " y '® “erg;,
in'era U1 witlt T ek .. cave L
ea-r \rer E T S re
Jualag 93t . 1 ! e . A B ¢ tNeee,
whai % [ O A ) [ SLee 0 « .
vrt ey cralel 8" e e '
re ot rLnLt o . R e e a’ ’
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tr ee . 14 € & -~ a -~ a -
tr et tre T ¢ e,
stress 4 at? T . cmre| A v
P .t - . LI T B .
TR SRR} LY LI 1 1e . . Y
ar ran, v s i 0y & M « ot T
st rsp ST . LI 3 . [}
r\.ur 1.0 * e K . L] . . .
Jtese ,er L & - ' PRI
18 @uv. g teay " t ¢ ws . . r s [
te [N P A R | -t
voiten,. 4 ' 4% a e s ‘ . .-, .
[ I S T T A e
tois toyet .ra ! - -y e
it (- . v R y ' vt aw
1 3 AR LI TR SR t M I v
i ne LI B - at a.°' FLs s .8
sagr ! ] v, a3 e e . ]
rtir Lep T vy . © 2!’ e e 1N
Purt et L4 ! R a4 m'y v
stre' LK L -, . [ R T e s
axd iy LUoe Lt e T T
vt ity je v At . 4t ey f -e
Stagcoet o, ! R A 2 N
A e LIt e I | st waN
L B S T TR H e, .

i !
- e - —




pattert inese questions require further
research

Tne spatial scale over which the
evolution of tne pocket flow module takes
piace can be estisated by sultlplying the
average convection velocity of the pockset
patterns, . & ug, , by tne average duration
of the pocxet evolution, t* s 30. Tnis
results in 1* on the order of 800.

¥ Ulscusslon end Coapartson

A review of the literature indicates
tnatl eany of tne inves - gations into lhe
wali region structure of turbulence nave
focused on events that sppear to occur &s
part of tne evolutlon of the pocket flou
avdule we wili briefily polnt tu the sajor
Lurrespondences, 8ltnough tc vur sncwliedge
even einor detatls of sost of the
invest igatliony show clnse Ccurrespundence

vne of the saust used hul-wire

turbuiennce Jetertion Lechn! jues 19 the one
Jevelcped Dy wupta, Kapian and Lluf.r.‘“
and 43¢d by bBlacswelder and Kaplan,'' ang
cla uweider, 'Y pla uwe.der ana
cceel@ann,® and sauy utners t. Jeteraine
we8ll iayer atructure Tne technigue
frecives ai"u.elling &4 Shurt Lime variance
~1 the stresalmv.3e¢ ve,. . ity fiuctuatiocons,
averaged .ver an interval varying fros t*
: o1y nel &, 1o t* . 4y . Ref V1 }.  For
t* iriterva.s ! thneve Juraeatiuna, the short
tise areraged varlan e s'rongly resesbles
the Ju 3! slgna. we rave f.und tnat du/d:x

bte.ned fr.a 3o Jt using & lucal laylor
yputtesis e'ltal el Lls largest va,ues in
tne ¢V’ Lc.ndary .ayer th) ancsses
inves! i dated, 1ur.i:.g vtage [Lur of the
soita®tl e€v. . atiun «he Hnly utner stage
where »ign.f1 ant 1y 31 wes fOound, was
v'age 'Nree, where lhe Levaxy were about 80
ver enl as .srge lne average widln of tne
,fa03. Beasured Al 'ne signa!l axis, during

sTage ! Lur . was t° Som 7 This suggests
tret e jelectlnn te Nhrljue |3 weylng ON
the snary shear ,ayer Jeve. .ped during
ege ! our Il a . wer vo..e of tne

iete . !, r & e, a8 e riteria 1
.Aae3, ‘fe Sig e Y Y.ir. g sl age 'nree would
Ce .1 .11 i the Cli i T as easple Ine
terpretats on glver - mel 4, and ' also
S.gg 9l LriY r owrcer ., 'tre Y a.e of Lne
Lo o aeL ,el'etns_  anl "en e f 1re ; . uat
fv.w 3 Ju.,® 19 "1e rter Lt L Y0 wldd
Layer  Lcuts ras . et a.al oA, 40y
lrien iy L, T o meyn L1 Sl r ‘he

gdesl 0 L nel [ rat tte vYerep 18 O
.arge % a.e ., ras te ,r . .xactiy [r.e r ]
t rit wires wrior epternd \pprosisately
y* «t tug Nl lata v e T at sharp
ATedr .aye: 3 esteny oty L1 30-%0)
h.tr: .4nh wesaer s.ear . % 1 sel({ses spparent
' Lthe ¢ ! the rase ar visual

cservaty 8 f thne ,ift g vorti ity
d¢rerated vy ‘re 9'sgratt n point fiow,
Tthow thet, In genera,., It remaind . herent

ut te g* 2 L -%0G, ne!l sce breaming up |
rig © % w8 aen esaA, e |n which the vurtes
as ‘eva teqg »° i yy “aniee the snear

syer [ r8s teteeen 'nm"ia sirtex angd the one

in the sweep, §t |3 clear that prenomena cf
tne scale of delta are not directly
involved. nowever, there 1s sutstantial
evidence, brown and Tnoeas, 30 ralco,3‘

and Cnen and blackwelder, 3¢ tnat the large
scale Inflows are phased with tne phenosens
being discussed

blacuwelaer and raplan'' snhow tne
conittionally saspled reynolds stress
pattern tnat results f(roe their detection
technique inelr results are shown {n rig
[} we have lnverted tneir sigriatures to
enable more lsaediate ccaparison with
Pigures . anQ & we sece thal their signa;
appears Lo be & cumposite of stages three
ang four . It extendas ouver rcoughly t°* s 20,
nas » sSweep fcllowed Ly an ejection, witn a
region of very luw or nedative Keynclds
alress sejparating thes 1lhe peak averages
ol the sweeps in tnree «nd the ejections 1in
stage four are siaiiar tu their vaiues
bia swelder and Aaplan als: aed4sured the
signature 's4 Jdelta acwnstreas ..f the
pusittion at whnioh thelr detectcr jrndicaled
hign du’adt iney found, after currecting
for the different consection vei._clties of
individual evenls, the pil-ture 1n r1ig te
Inis spetial separction corres; . rds te a

teap.rai tnterval of t°* 8 !, wri n is
vensistent wilh trhe tise 1nterva. te! ween
stages three o0 !fuur PRl sidnal ure 4 oous

ilwe tnat o«f stgge four, ttus .73, ating
lne 3aqe Jeve,. [ @ent a8y we rave Ji: usneg
for the (. uets

e |, e v m ¢ 2..¢ a.,s y voles a
.3, .0 €1, .4t el L tne res,. ' !
P.1 mwe,3er 4> ¢ w6 . @a:rtY  wr 6 1. ate
trat thnere .s a 'rarnge |7 8s.gr ! e ang

Jw Jylw a3 tne srary srear ,ayer goenx ty
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the enter ,ine ! tne L..owet ver thne
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large as their data window. This high speed
region interacted with the deocelerated
region and resulted in an ejection of
fluid. Somsetimes the ejection would occur
just as the accelerating fluid entered the
field of view, while st other times, it
occurred after the acceleration process had
bpegun. The e jection always occurred before
the entire region was completely
accelerated.

Fig. & gives, of course, the sequence
of events an observer would see as he
followed the flow when a pocket flow module
was evolving. Fluid downstreaam of the
pocket pattern is moving at the local sean
velocity during stages ! and 2, and {a
decelerated as the evolution proceeds froa
stage 2 to stage 3. During stage 3, the
sweep 8Oves to the downstreas end of the
pocket pattern, and thus it would aove into
the field of view of 8 data window located
nesr the downstreas end of the pocket
pattern. It is also during stage three that
we see the ejection of fluid near the
downstreas end of the pocket. 1lt 1is
fesportant to note that the length scale of
the pocket fits the Corino and Brodkey
ooservations. Thus we see that they have
al80 keyed upon the downstream end of the
pocketl flow module for a significant nusber
of their observations. A discussion of what
they would see if the side of a pocket
entered their data window 1is given in Ref.
¢y

The turbulence structure in the wall
reglon nas also been studied by Ekckelsann,
nychas, brodkey and wallace.'3 Tney
studied the streamawise velocity
fluctuations to find a pattern that
appeared to reoccur, and developed a
pattern recognition program which detected
the pattern in tne streaawise velocity
fluctuations and proceeded to store all of
tne other quantities they measured Tne
pattern consisted of a gradual deceleration
fros a local maxisus followed by a strong
acceleration. Since this description fits
the pocxet svolution during stages three
and four, we 3hould see sone
correspondence, especially in the region of
the strong acceleration. Eckelsann et al
measured du/dy, uv, u and v, &t y* s 15,
so comparisons can be sade Coamparing their
uv and du/dy patterns in the region of
strong acceleration, with the pocket
pattern during stage four, we find that
votn signatures are in agreeaent, even with
respect to the phasing of du/dy and uv and
u. burthersore, the width of tne du/dy peak
1s the saae order as found in the pocket.
Tnus, It also appears that Ref. 13 nas
keyed upon the downstreas end of tne pocket
dquring stages three and four. Thelr resulte
wnhich show a significant broadening and
reduction in amagnitude of the peak at ye ®
20, reinforces this conclusion.

Tne pocket flow soduie §{s a flow
s30dule that integrates the sweep and
ejection events, as well as the other two
uv producing events wWe have shown that tt

{s consistent with the findings of Ref. ¢,
and we Wwill now show tnat it is consistent
with the work of uffen and Kline,¥ wno
studied the relationship between sotions 1in
the outer flow and the bursting process
near the wall. They found that there was a
close connection between sweeps found in
the logaritneic region, and the bursting
process indicated by wall dye. 1n
particular, a wall-vard moving perturbation
was observed in nearly every case just
prior to the appearance of oscillatory
sotions in the wall dye. Furtheraore, the
oscillations at the wall are first seen
downstreas of the outer disturbance. This
description corresponds to stage one of tne
pocket flow module evolution. Abstracting
their results, tney continue... "The
wall-dye disturbances grow slowly and
eventually 1ift up. At the sase tise the
hydrogen bubbiea ( thelr wire was normal to
the wall) show Lhat the velocity field
becomes perturbed in the region directly
sbove the oscillating wall dye. The
disturbances in the zone generally look
like patterns one would expect in the
presence of vortices, and these doasinate
tne logarithaic region. Focusing attention
closer to the wall, simultaneously with, or
shortly after, the appearance of the wall
dye perturbations, a long, narrow,
nigh-shear zone forms just sbove the realon
of wall-dye movement. Vortices fors along
the apparently unstable shear line”. Stage
two of the pocket flow module evolution
fits this description closely. The incoaming
sWeep has moved wall dye to create the
pocket pattern, and 1n stage two, we see
that a nigh shear zone has formed ( note
du/dy J over the pocket at y* =z 6. ln an
earller work, Falco?3 eapnhasied tne
presence of transverse vorticity of the
same sign as the aean vorticity of thne
layer was present slung the upstreas
boundary of the pocket, 1.e., at the end of
thne nigh snear zune noted by CGffen and
sline. 1t §s necessary to polnt out that
the nign shear zone trey are referring to
occurs prior tc lift-up, and 18 different
froa the one asscclated with stages three
anad four of *he porket evolution described
above. (ontinuing cur abstraction of the
results of Ref. o . "most of tne lift-ups
of wall dye were 3zeen scse time after the
forsation of either g streaawise or a
transverse vortex, and these began to leave
the wall where the vortex came closest to
the wall The sweep generally continued to
move towards tne wall after tne low- speed
tlull element nad vegun tou 1ift away froem
the wall. .. 1nis qdescription corresponds to
stage three of tne pocxkel flow BOdule. At
Lthis point in the evolution, wall maruer
nas 1ifted up at tne upstrean ¢nd and along
the sioey of tne p~-uets Ine vortex which
lies along tne puundary of tne pocket 18,
of course, streaawise urientated along the
s1des. Uffen and Kilne had an essentially
twi-ditenstional slice, 30 that they saw
eiltner & transverse vurtez or a streaszwise
vortes. As the wall layer flutd s
lifted-up, first at trne back, and then
progressively around tne stjes, the fluld
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at the back will, as it spirals along the
pocket vortex, move back towards the wall
and tnen away fros it again. Thia would
appear as the oscillation which is seen to
occur after lift-up. Offen and Kline
continue: “during the end of the burst's
oscillatory growth stage, the interaction
between the burating fluid and the motion
in the logarithaic region causes the
formation of another large vortex-like
structure. Some fluid from both the burst
and its associated sweep, returns to the
wall. wWhen tnis fluid arrives at the wall,
it spreads out aideways and is quickly
retarded by the strong viscous forces near
the wall. It is bellieved that this event is
associated with another lift-up process
fartner downstream™. We believe that the
evolution they were describing corresponds
to the end of stage three, and to stage
four of the pocket evolution. During stage
three, transverae vorticity of the opposite
sign from that of the mean shear is
asplified, and we see the start of lift-up
of low speed fluid at the downstreas end of
tne pocket pattern. The aamplification of
the transverse vorticity appears to be the
interaction Uffen and Kline note is
occurring vetween the bursting fluid and
tne logaritnamic region, which they suggest
causes the foramation of a large vortex
structure. furtheraore, & high shear layer
is forming at this end cf the pocket
pattern. ln stage four, a strong ejection
of sublayer flui3 occurs, which as we have
suggestegd, resu.ts froa the mutual
{nteraction of two vortices. This {s the
*“second” ejection that Offen and Kline
suggest cccurs, and which is the basis of
thelir hypotnesis of the cyclic nature of
tne dbursting process. 1t should be noted
tnat they conclude their description of the
oursting process 0y noting that breakup of
tne lifteo sublayer flulo appears to be the
result of vortices interacting, and tnat
flow patterns in the region surrounding
oreakups revealed that b0 per cent of the
pursts urc«e up lomediately after an
interaction witn another vortical
structure. wvuring stage [ive of the pocket
fluw moduie evolution, we have obLserved
Dreakup as tne twe vortices sutually
interact.

Tnus 1t appears that the description
of the turbulence production process given
py Uffen and Kltne fits that found for the
pocket flow 3odule evnlution as a whole.
nowever, tneir assunptions about the cyclic
nature of tne process now aAppear to be
related to the lift-ups occurring first at
the upstreas end ol tne pocket pattern, and
later at the downstreas end. Tnus, it eay
be that the cycle trey suggest has only two
1ift-ups assorciated with {t. They show that
sweeps preceed dbursts which in turn, tney
suggest, interact witn the log region flow
Lo pro¢ ce new sweeps further downstreams.
Kline33 nas noted tnat this statesent
appears to ve anomalous, becsuse the burst
is, of course, low speed fluld. Our
information suggests that there (s one
Sweep assoclated with the pocket flow

e e -

module. lhe evolution of tne probe signals,
as well as the visual data ( it should be
noted that although visual indications of
vorticity in sweeps have been obtained in
the dboundary layer, the clearest visusl
data relevant to this question has cose
froms experiaents with turbulent spots ),
indicate tnat the sweep 13 vortical, as
noted by Offen and aline, but that,
furthersors, it has both forward and
reversed transverse vortices in it, as seen
in a streamwise light plane, or a light
plane perpendicular to the (low. Inis
strongly suggests that the vorticity of the
sweep 18 organized into a ring. As we have
noted, the evolution of our hot-wire
vorticity data also supports this picture.
ASs the sweep approaches the wall at soae
acute angle, one portion of tnils ring coames
in close proxiaity with the wall, is
stretched inviscidly, and causes the first
lift-up. Then tnhe downstreaa portion comes
in close proximity to the wall anq causes
the second lift-up, which results in thne
strong shear and breakup. Although the
pockets are found to be individual,
independent flow sodules, they are,
however, are often found in groups ( see
Ref. 23). rvidence of the time for
forsation of wembers of a group of two or
three pockets suggests that, in general,
they foras within an fnterval too short for
one to be considered the generator of tne
other. However, exceptions to this nave
been coserved.

Another 1nteresting fact about the
pocket evoiution, which has been previcusiy
observed during tne Lursting process by
Kia, Rline ana keynokds7 and uffen and
Kline, 1s that tne 1if{t-ups don"'t
continuously suve outward, dut instead they
oscillate. The sctlayer fluild which iifts
up at tne upstream ¢nd of tne pocket,
sSubsequentily moves ,aterally and towards
the wall and tnen Away agaln, as it spirals
around tne voertex tnat exj;sts along the

poundary ol the po.ret pattern | rhence the
“oscillation~ ) This avtion d.es not
produce a significant uv signal at y=* = lo

{ see stage two of Fig & which snows tnat
the uv 1s due to the sweep ). Ints s
consistent with the findings of uUffen andg
Rline that tne breaxup periocds, notl the
1ift-ups, corresponded to Lhe times at
nad most of the fiuctuation energy ( also
see Kline3s )

The recent w.rk f n_.genes ana
nanratly3* wnt-nh ciatined arcays uf wa.i
probes and notl-wires i1n tne wall reygt . .r,
support§ the hypothesis that the dimirant
flow structure is a strongly licwed
combination ¢f infiows of hiah ™. .nre! .
fluid and outward fl wing low t.@eztum
fluid. lney found that the inf.,ect ., rna 1ir
the velocity profile resulted free . th
inflows preceeding outfl . ws and utfi-es
pre-eeding inflsws Trne first se¢juernce
would occur at tne ujpstream end of tne
povuet, whereas the second wiulld occur at
tne dcewnstreanm e¢nd
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Ihe results of the adbove comparisons
indicate that the probe detection technique
of Ref. 29 nas keyed upon the stages three
and four of the pocket evolution. Corino
and Brodkey have also apparently stressed
this phase of the evolution. 1ne visual
data of Kim et al | and Offen and Kline®
nave described the entire pocket evolution.
AS a result, the conclusion froa the probde
studies indicate that high speed fluid is
upstreas of the ejecting fluid, this was
also true of the studies of Corino and
brodkey and Eckelmann et al. On the other
nand, the study of Offen and Kline
indicated that sweeps caame to the wall
aownstreas of the lifted-up wall layer dye,
put that because of the cyclic nature of
tne process ( as they sa¥w it ) the sweep
would eventually be followed by a burat. It
is now clear that the tera "ejection”
snould be used to characterize whait ‘- appens
to the 1ifted-up wall layer dye at the end
of tne oscillatory growth s*age, but
issediately before oreaxup. The tares
"ejection” and "lift-up” nave been
interchanged in the past.

Finally, we want to mer .. that the
aechaniss of the lift-uss agrex: 3 to
closely reseable the on: aludied by
voligrlski and walker.?0 They perTormed
calculations of the effect ~f a
two-disensional vortex on “~e wall layer
flow beneath it, when che vortex was
convecting parallel to the wall in a
lasinar poundary layer. Downstreas of the
vortex, for certain combinations of vortex
strength, convectlion velocity, and boundary
layer profile shape, a stagnation type flow
pattern existed near tne wall, which
resulted in creation of vorticity ( Refl.
2b). Tne influence of the original vortex
on this newly created vorticity, which is
of opposite sign, is to induce it off tne
wall, resulting tn lift-up. It appears to
be the mechaniss operational around the
poundary of tne pocket. . However, {t fatils
to result in the ejection of fluid
lifted-up in the upstream portion of a
pocxket because vortex stretching has sade
tne sweep vortex such stronger, as noted
above. Ul course, vortex stretching casn't
occur in two-dimensional flows. Tne
sechanise {3 effective at the downstreas
end of » pocket, because stretching of the
sweep vortex has apparently ceased. nere,
tne vortices mutually induce theaselves to
the iog region before breakup occura.

Suasary and Lonclusions

Si1sultaneous eulti-prodbe hot-wire date
and flow visuslization experjiaents have
shown that & f.ow module exists which is
responsidtle for a large (raction of the
keynolds stress and shear aeasured in the
wall region. 1ts scale i3 on the order of
190 wall layer units, and its period of
occurrence is the sase as that measured f(or
ejections of sublayer fluid. Tne flow
sodule evolves from a vorticsl sweep into
sn e)ection whicn bDreaks down into both
ssaller and larger scales, in t* on the

orger of 30. The mechanisms involved
include; stretching of the vorticity in tne
sweep, the gereration of vorticity near the
wall by the stagnation point flow that the
sweep creates, mutual interaction of the
vortices formed as a result of tnese
processes leading to motion away from the
wall. The distinct pocket pattern results
because the sweep vortex is amplified to
the extent that it induces the stagnation
flow generated vortex around itself. This
lift-up of sublayer fluid results in a pair
of short streaks which appear to oscillate
as the 1ifted-up fluid is returned back
"owards the wall. when the front of the

. weep reaches the wall, the sweep vortex
and the stagnation flow generated vortex dg
induce each other out to the log region. 1n
doing so, a sharp shear layer is created
petween the two vortices. By the time they
get out to y* : 30-50, they breakup. It is
not clear why the stretching of tne sweep's
ring vortex ceases before its vorticity is
diffused, a)llowing tnis outward ejection.

Tnhus, the formation of streamwise and
transverse vorticity concentrations of
snort duration, intermedjate scale streaky
structure, the sudden lift-ups, tne
oscillations, and tne breakup, are seen to
be phased to the stages of evolution of
this flow module.
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' (R, = 820) 10 bursts (T ‘=16
) (dye) T 12 y =
Schraub and Kline 4.5-5.5 H, bubbles < Re=1068
(R, = 1000-1700)
8 Zi0f+
B Ueda and Hinze 4.7 hot-wire »
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+ Table 1. Comparison of average times between g
) bursts and the passage of pocket flow modules in é;
- ¢ the turbulent boundary layer, 2
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Fig. 3. The distribution of pockets in which du/dy
s was greater than 2du/dy, vs the age of the pocket
when it contacted the probe, which was a y = 16.
‘ 54
A
-
t
i i \z
. EJECTION—/J SWEEP
-10 ¢+ !
F <uv> - uy + '
-uv
; . 4 .
8 -—— t'=35 --«—I
4 ——— s j
] t ‘
=51 \Z SWEEP 3
3
-IOT EJECTION .
3 Fig. 6. Cogditional averages of the Reynolds shear
stress at y = 15, after Blackwelder and Kaplan,
Fig. 1. Pockets revealed by oozing oil-fog contam- Ref. 11. .(a) Detector function at sampling position.
inant through a slit in the wall under a turbulent (b) Sampling probe 1/4 delta downstream (A1 = 8.7)
: boundary layer. The flow is from top to bottom, and Of the detector probe. The eariler peak is due to
] the slit is Jocated close to the top of each photo-  ejections, while the later one is due to sweeps.
graph. (a) Re = 738; (b) RO £2745. Note how the sweep decays while the ejection

persists { see text for a discussion of comparison
with Fig. 4 ).
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Fig. 2. Simultaneous records of uv, du/dx, dv/dx, du/dy, v, and u at

Yy = 16 in a turbulent boundary layer. The dashed vertical lines

bound pocket flow modules.

The first pocket pcsses the probe during

stage four of its evolution, while the one which arrives later in
in stage three of its evolution. The dashed line on the du/dy signal
is the mean shear. Re = 1068.
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The evolution of the pocket flow module. The plan view pocket
patterns and the ensemble averaged signatures of u, uv,
and du/dy for each of five stages,are shown. In the visual patterns,
shading indicates 1ifted fluid. The signals, measured at y = 16, indi-
cate conditions along the centerline of the pocket. The visual and
hot-wire data have the same abscissa, and the placement of the signals
is phased with the visual pattern, both within each stage and between
stages. The ordinates correspond to (<u>- U }/u, (<uv> - uv )/-uv,

and (du/dy - Ju/dy)/(du/dy). The stages are arranged to show the
development an observer would see if he moved with the speed of the
upstream end of the visual pattern,

Fig. 4.
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Fig. 5. Simultaneous views of the buffer layer of a smoke marked
turbulent boundary layer ( top, plan view ), and of a slice of the
layer nornal to the wall above it. Line A-A of the accompanying sketch
represents the edge of the light plane which illuminates the side view.
Line B-B represents the edge of the Tight plane which illuminates the
plan view. A pocket which is in stage four of its evoluticn, can be
seen in the plan view { note shaded featyres in sketch ) centered

over the vertic:l ligit sheet. [In the side view we can see the ejected
vortex and the remains of the sweep vortex ( see text ).
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