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Aspects of Flow Structure During a Cylinder Wake-Induced
Laminar/Turbulent Transition

N. K. Kyriakides,* E. G. Kastrinakis,” S. G. Nychas,:lE and A. Goulas®
Aristotle University of Thessaloniki, 540 06 Thessaloniki, Greece

The process of a strong wake-induced laminar/turbulent transition on a flat-plate boundary layer was investi-
gated from the point of view of the occurring coherent structures. The wake was generated by a horizontal cylinder
positioned in the freestream and upstream of the flat plate’s leading edge. An X-type hot-wire probe measured
the streamwise and normal-to-the-wall velocity components, whereas a gradient hot-wire probe, located in the
cylinder’s wake and at the same streamwise position as the X-type hot-wire probe, detected the passage of the von
Karman vortices. From the simultaneously acquired velocity and gradient signals, the intermittency factor distri-
bution and cross-correlation functions, combined with a quadrant-splittinganalysis, were computed. Furthermore,
an ensemble-average technique was applied to the signals. The analysis of the signals revealed that during the tran-
sition a secondary vortical structure occurs near the wall. Turbulent kinetic energy transfer to and from the wall

during the transition was evaluated.

Nomenclature
d = cylinder diameter
far = Strouhal frequency of the von Kédrmdn vortex street
H = shape factor of the boundary layer
01 = interactions outward
02 = ejections
03 = interactions wallward
04 = sweeps
R,y ¢0i = cross-correlationfunction
Sr = Strouhal number, = f;, d/ U
Ty = Strouhal period
Tu = freestream turbulence intensity
t = time
* = dimensionless time, =tu? /v
th = dimensionless Strouhal period
A = timescale of the A shape
ty = dimensionless timescale of the A shape
U = instantaneous streamwise velocity
U = time-averaged streamwise velocity
U. = local convection velocity
U, = freestream velocity
u = streamwise velocity fluctuation
uv = instantaneous Reynolds stress
uv = time-averaged Reynolds stress
UVpes, = ensemble average of the uv signal
UVg; = instantaneous Reynolds stress of the Qi quadrant
uvgy, = time-averaged Reynolds stress of the Qi quadrant
UVms = ensemble rms value of the uv signal
U, = friction velocity
14 = instantaneous normal-to-the-wall velocity
Vv = time-averaged normal-to-the-wall velocity component
v = instantaneous fluctuation of the normal-to-the-wall
velocity
w = instantaneous fluctuation of the lateral velocity
X = streamwise position with respect to the plate’s
leading edge
X = streamwise position of the cylinder
Xonset = Streamwise location of the transition onset
xt = nondimensional streamwise distance, =xu, /v
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y = distance normal to the plate surface
Ve = normal-to-the-wall position of the cylinder
YA =y extent of the A shape
y+ = nondimensionaldistance from the wall, =yu, /v
i = dimensionless y extent of the A shape
y = intermittency factor
8 = displacement thickness
8y = momentum thickness
A = streamwise region where y increases from y =0.25
to 0.75
v = kinematic viscosity of air
& = threshold constant
T = time delay
v = stream function
w, = spanwise vorticity
I. Introduction

N aeronautics, process engineering, turbomachinery, and other

disciplines in engineering, laminar/turbulent transition on a flat
solid boundary can be caused through the interaction between vor-
tices occurring outside the boundary layer (e.g., wake vortices) and
the boundary-layerflow itself. A transitioncaused by the vortices of
a wake is referredto as a wake-induced laminar/turbulent transition.
A step toward the understandingof wake-inducedlaminar/urbulent
transition is the identification and dynamics of the coherent struc-
tures that occur during this process. The existence of the wake
vortices causes disturbances in the boundary layer of the flat plate
in addition to the disturbancesin the freestream. Fundamental stud-
ies of simple vortex/laminar boundary-layer interactions provide
new insight into the physics of the boundary-layer turbulence en-
ergy production. Doligalski and Walker' investigated analytically
the response of a flat-plate boundary layer to the motion of a con-
vected single vortex. They suggested that a strong inviscid/viscous
interaction took place in the form of an eruption of the boundary-
layer flow. The development of an instantaneous adverse pressure
gradient on the wall could create the conditions for the boundary-
layertransition. Walker” calculated the streamwise pressure gradient
near the wall caused by a moving vortex in the region close to the
turbulent boundary layer of the flat plate. He noted that a convected
vortex above the wall layer, which was predominantlyof the hairpin
type, provided a moving zone of adverse pressure gradient. When
the vortex was strong enough and/or close enough to the wall for a
sufficient period of time, an eruption was induced near the wall. On
the other hand, weaker disturbances could provoke an instability in
the wall layer. In both cases, a local breakdown of the relatively well-
ordered near-wall flow occurred. Ersoy and Walker® studied analyt-
ically a boundary layer disturbed by a pair of longitudinal vortices
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of opposite vorticity. In this case a region of flow separation was
developed on the wall. Three-dimensional separation phenomena
were also observed in the study of Ersoy and Walker.* In this case
the boundary layer was disturbed by a vortex loop.

Gartshore et al.’ applied rapid-distortiontheory to study how ex-
ternal turbulenceaffectedan adjacentinitially turbulence-freeregion
in which a mean velocity gradient existed. They showed that exter-
nal turbulence first induced irrotational velocity fluctuations, which
subsequently interacted with the shear and produced rotational ve-
locity fluctuations and Reynolds stresses. The rapid-distortionthe-
ory indicates that these stresses extend into the sheared region over
a distance of the order of the integral scale. Experimental measure-
ments confirmed their predictions. Luton et al.% simulated numer-
ically the interaction of a laminar boundary layer with a spanwise
vortex. They found that the strong vortex they considered induces
an eruption and a production of a secondary vortex, which causes
the primary vortex to rebound.

In areview of boundary-layerAvake interaction, Squire’ has indi-
cated thatthe upstream wake increases the overall turbulencelevelin
the flow and thus brings the transition process forward. On a more
fundamental basis, Savill and Zhou® made an extensive study at
low Reynolds numbers of various types of simple interactionsusing
flow visualization. Wakes formed behind a circular cylinder were
examined to obtain an essentially two-dimensional vortex street.
They studied what was called slow or weak interactions, in which
the wake was initially sufficiently far from the boundary layer and
was effectively fully developed, before it started to merge with the
boundary layer. In contrast to this type of transition, fast or strong
interactions were also studied. In this type of interaction, the initial
vortex street was still present when the two shear layers merged.

The purpose of the present work was the identification and study
of coherent structures occurring during the boundary-layer transi-
tion induced by a von Karmdn wake. To this end, techniques of
signal analysis were applied, which included computation of cross-
correlation functions combined with a quadrant-splitting analysis
and an ensemble-average technique.

II. Experimental Facility

The experiments were carried out in a low-speed boundary-
layer wind tunnel at a freestream velocity of U, =5 m/s (see
also Refs. 9 and 10). The freestream turbulence intensity 7Tu =
(u2)'2 /U, in the wind tunnel was around 0.004. From the velocity
measurements the friction velocity #, was determined, and an aver-
age valueof u, =25 cm/s was taken for the purpose of this presenta-
tion. The horizontal test section of the wind tunnel was 0.6 x 0.6 m
in cross section and 2 m in length. The transition process was stud-
ied on a 1.24-m-longaluminum flat plate, which spanned the whole
test section width of 0.6 m and was positioned at 30 cm above the
bottom of the test section while its leading edge was sharp (radius
0.5 mm). Confinement effects of the flow in the transverse direction
were negligible. The flat plate was first placed horizontally using
an appropriate spirit level, and afterward it was positioned at an in-
cidence angle of —0.5 deg to avoid leading-edge separation. Mean
pressure measurementsalong the plate were conducted on the upper
wall, and no adverse pressure gradient was detected. The plate was
mounted to an independentsupporting system, which was installed
outside the tunnel; the system was provided with vibration insulat-
ing elements. In this manner vibrations of the wind tunnel walls
were not transmitted to the plate as it was nowhere in contact with
the tunnel itself.

A cylinder with a diameter of d =10 mm positioned upstream
and parallel to the leading edge of the plate was used to generate a
two- dimensional wake, which interacted with the flow above the
flat plate and the developing boundary layer. The cylinder Reynolds
number was 3500, and its wake was turbulent. The horizontal posi-
tion of the cylinder was examined by a spirit level. A general view
of the experimental arrangementis givenin Fig. 1. The cylinder was
placed at the position x, = —10 mm and y, =25 mm from the lead-
ing edge of the flat plate. Special precautions, as proposed by Van
Atta and Gharib,!' were taken to avoid cylinder vibrations. Accord-
ing to Van Atta and Gharib, a vibrating cylinder develops a vortex
street with unpredictable differences in the Strouhal frequency and
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Fig.1 Sketch of the experimental arrangement.

a wake that is unsteady. In the present experiments the formation of
a steady-state wake was necessary; this was ensured by examining
the velocity energy spectra, which had a single peak at the Strouhal
frequency corresponding to the freestream velocity.

An X-type hot-wire probe (Dantec S5P53) was used for the si-
multaneous measurement of the streamwise velocity component U
and the velocity component normal to the wall V' at various (x, y)
positions in the boundary layer. To be able to approach the plate
surface at small distances, the prongs of the hot-wire sensors were
inclined at an angle of 90 deg with respect to the main axis of the
probe. A gradienthot-wire probe (Dantec S5P71), consisting of two
parallel wires, was located in the wake of the cylinder for several
y distances (y < y.) from the wall, measured the local instanta-
neous gradient dU /dy of the streamwise velocity component. The
instantaneous gradient was used as a qualitative detector of the von
Karmdn structure. For both hot-wire probes used, the hot-wire sen-
sors had a diameter of 5 um and a length of 1.25 mm, whereas
the sensor support had a diameter of 2.3 mm and a length of
33 mm. As shown in Fig. 1, the two probes were positioned at
the same x distance by supporting the corresponding probe holders
on the same traversing base. Two manually controlled traversing
mechanisms, with a total displacement of 20 cm in the streamwise
direction and 20 cm in the normal direction and with an accuracy
of 0.01 mm, were used for the x and y traversing of the hot-wire
probes, respectively. A supplementary traversing mechanism with
an accuracy of 0.5 mm was used only for longer x displacements
of the whole system. The calibrations of the two probes were car-
ried out in the test section of the wind tunnel; during the calibration
the cylinder was removed. The instantaneous signals from the X-
and gradient probes were acquired simultaneously for the various x
positions along the plate. Four constant-temperature anemometers
(Dantec 55M01) were used. The hot-wire signals passed through
a DC-offset controller, a gain amplifier, and a low-pass filter be-
fore being digitized by a 16-bit resolution A/D converter. The
duration of the data acquisition at each position was 12.5 s, and
the corresponding sampling frequency was 4 kHz. This duration
proved to be adequate for the proper statistical analysis of the
signals.

The probe position closest to the wall was measured by posi-
tioning underneath the probe tip a standard microscope glass plate
of 0.2-mm thickness. All other distances from the wall were refer-
enced with respect to that position. Therefore the accuracy of the
absolute y position was of the order of 0.1 mm. Alternatively, the
relative y positions were accurate to within £0.01 mm (accuracy of
the traversing mechanism).

Errors in the measurements because of the calibration proce-
dure were taken into account. Drifting of the X-type hot-wire probe
caused by temperature variation or other factors was monitored by
calibrating before and after a specific measurement. In this manner
this error was kept to levels of about 1% for each velocity compo-
nent. On the other hand, errors caused by the three-dimensionalflow
were considered. More specifically, the error caused by the lateral
velocity component w was estimated in a way similar to the one
used by Kastrinakis and Eckelmann.'? Supposing a w component
of around 5% of local streamwise velocity, this error was estimated
to be around 0.5% of the local mean velocity. Another source of
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error examined was the one caused by heat losses because of the
proximity of hot-wire sensors to the wall of the aluminum plate.
This kind of error has been examined by, among others, Wills'?
and Oka and Kostic.!* For the closest distance of 0.7 mm mea-
sured here, according to the referencescited, the estimated error was
negligible.

Measurements with all standard X-type hot-wire probes are in-
fluenced by the velocity gradients, and the error introduced is larger
close to solid walls. For the present measurements error estimates
for the closest-to-the-wall distance of 0.7 mm have been carried
out based on the influence of the dU /dy gradient and the analysis
presented by Eckelmann et al.'> and Vukoslavcevic and Wallace.'®
Concerning the instantaneous streamwise velocity component, the
maximum relative error based on the U was estimated to be up
to 10%. Regarding now the local mean U, this was independently
measured with a single boundary-layer probe (Dantec 55P15), and
for the closest-to-the-wall distance, these measurements differed
from the corresponding X-probe data to around 1%. Concerning the
instantaneous normal-to-the-wall velocity component v, the corre-
sponding error based on the maximum instantaneous v was esti-
mated to be up to 30%. This error, however, rapidly decreases with
increasing wall distance, as shown in the references just cited.

The gradient probe was used as an approximate w,-transverse
vorticity detector to be able to identify the passage of vortical struc-
tures of the upper and lower branches of the von Karmén vortex
street. For this purpose the gradient probe used was adequate. The
approximationregarding the vorticity comes also from the fact that
the dv/dx partof the transverse vorticity was not taken into account
in these measurements because the v component was not measured
by the gradient probe. Related to the phenomena presented here,
what is important is the detection of the sequence of the vortices
and not necessarily the absolute value of the transverse vorticity.

III. Results

Before the measurements on the process of the wake-induced
transition were started, the boundary-layer characteristics without
the presence of the cylinder and the cylinder wake characteristicsas
well were separately studied at the freestream velocity of 5 m/s. In
the case of the undisturbed boundary layer, detailed investigations
showed that it remained laminar at least up to a streamwise distance
of 1000 mm from the sharp leading edge of the plate. The measured
boundary-layervelocity profiles were in agreement with the Blasius
laminar velocity profile (see also Ref. 9). The maximum turbulence
intensity levels within the boundary layer for all x positionsbetween
x =0and 1000 mm varied between 1 and 5% based on the local ve-
locity. The shape factor H = §, /3, (&, is the displacementthickness
and §, the momentum thickness of the boundary layer) was always
equal to 2.6, indicating that the boundary layer was still laminar.

Measurements were also carried out in the undisturbed wake of
the cylinder. To this end, the cylinder was placed far away from
the plate. Within the cylinder wake and for several x/d and y/d
positions, the two velocity components U and V were measured
using an X-hot-wire probe. The measured mean velocity profiles
were in agreement with the velocity profiles of a two-dimensional
wake behind a cylinder, as given by Schlichting.!” The characteris-
tic shedding frequency of the wake could be clearly detected up to
a distance of x /d = 80—100 downstream of the wake origin, which
is in agreement with the results of Cimbala et al.'®; farther down-
stream the wake decayed. The most probable Strouhal frequency f;;
was equal to 95 Hz. This corresponds to a Strouhal number Sr of
0.19.

A. Intermittency Factor

A velocity signal measured in the transition region is composed
of both laminar and turbulentparts. The intermittencyfactor y is de-
fined as the percentage of time correspondingto turbulent flow. The
determinationof the turbulentand nonturbulentportions of the tran-
sition region and their subsequent separation depends on the tech-
nique that is applied to this end. Several difficulties arise in using
velocity fluctuations for the determination of the intermittency fac-
tor. Velocity fluctuationsmay be caused by amplified oscillations,as
these appear in the present experiments. In their study concerning

0 present work
Dhawan & Narasimha (1958)

| I

150 20
X [mm]

0

Fig. 2 Intermittency factor as a function of the streamwise distance
for y=0.7 mm.

the determination of the intermittency factor, Keller and Wang'®
suggested that the best criterion is the one based on the square of
the instantaneous Reynolds stress, namely the quantity (uv)(z).
This criterion, which was initially applied by Antonia 2’ proved to
be the most efficient.?!

In the present work the (uv)(¢) signals were used for the de-
termination of the intermittency factor. The quantity (#v)?() in the
laminar region was very low. The local mean value of (uv)?(#) in the
laminar region was set as a threshold to specify the turbulent parts
of the signal. Downstream of the transition onset, turbulent parts
appeared with high uv values. Their durations varied as a function
of x. The identification of those signal parts of high energy activ-
ity was the basis for the determination of the intermittency factor.
Furthermore, the same criterion was used for the estimation of the
timescales of turbulentparts in the transitionregion. Figure 2 shows
the distribution of the intermittency factor y based on the (uv)?(f)
signals as a function of the streamwise distance x for the y distance
of 0.7 mm. The distributionof y indicates several differences com-
pared with the universal one of Dhawan and Narasimha?? for the
transitionregion. The universal distributionof y as a function of the
streamwise distance x was given by the equation

Yy = 1 - CXP[_O~412(X - xonsel)/)"] (1)

In the present work the intermittency factor attains values greater
than zero for streamwise distances larger than the ones correspond-
ing to the transitiononset (x =33 mm or x* = 578). At the stream-
wise distancex =70 mm (x+ = 1225) asignificant differencein the
intermittency factor is observed between the experimentally spec-
ified y values and those predicted by Eq. (1). The distribution of
the experimentally specified y shows local minima and maxima
for the streamwise positions between x =70 and 120 mm. There
are strong indications that this behavior of the y distribution along
the transition region can be attributed to the occurrence and de-
velopment of certain coherent structures in the transition region. A
detailed presentation of these structural aspects will be provided in
the discussion section.

B. Cross-Correlation and Quadrant-Splitting Analysis

A cross-correlation analysis of the Reynolds stress signal uv(r)
and the gradientsignal (U /dy)(t) was applied to establishthe time
relationship between them. The gradient probe was located in the
lower part of the cylinder wake, as shown in Fig. 1. Vortices in the
wake of the cylinder possess mainly spanwise vorticity w, given by
the relation

av. U
0, = — = @
ax ay

Only the (U /dy)(t) signal in the wake was measured with the
gradient probe, and it was used as a criterion for the passage of
the von Karman vortices. Takinginto accountrelation(2), anegative
velocity gradient (dU/dy) can be directly associated to a positive
vorticity and vice versa.
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If one, however, is interested in investigating the flow from the
point of view of coherent structures, one should look at the instan-
taneous fluid motions. More specifically, to associate the passage of
a wake vortex (away from the wall) with instantaneouslyoccurring
elementary motions near the wall, which are importantin the turbu-
lent energy production and transfer, the instantaneousuv(t) signal
can be further treated. Toward this direction, Wallace et al.”> split
the instantaneous uv(?) signal into four quadrants, i.e.,

Q1 quadrant (interaction outward):

u(t) >0, v(t)>0, [uv()>0] (3)
Q2 quadrant (ejection):

u(t) <0, v(t)>0, [uv()<0] )
03 quadrant (interaction wallward):

u(t) <0, w(t) <0, [uv()>0] (5)
04 quadrant (sweep):

u(t) >0, v(t) <0, [uv(t) <0] (6)

Their names correspond to visually observed motions (elementary
structures or events) in the wall region of fully developed pipe or
channel flows. Wallace et al.®> gave the percentage contributions
uvg of each of the four quadrants (events) to the total Reynolds
stressuv as a functionof the dimensionlessdistancefrom the wall y ™
(yt =yu, /v, u, is the friction velocity, and v is the kinematic vis-
cosity of air) in the case of a fully developed turbulent channel flow.

The instantaneous gradient signal, which characterized the von
Karmén vortex passage, was correlated with the Reynolds stress
signal, which characterized the instantaneously occurring elemen-
tary coherent structure. In this way four different cross-correlation
functions, each of which corresponds to one of the four quadrants
[relations (3-6)], were calculated. They are defined by the relation

[—dU/dy(O)1luvg; (t + 7)]
[(dU/dy)?1? [(uvg:)?1?

where i refers to the four quadrants according to relations (3-6).
Each cross-correlationfunction R, ¢;(7) attainsits maximum value
at a delay time t. This time t corresponds to the time difference
between the occurrence of the vortex of the von Kdrmdn structure
with positive vorticity (at the position of the gradient probe) and
the corresponding quadrant Qi (at the position of the X probe).
Following the cross-correlationanalysis between the streamwise
velocity gradientsignal of the wake dU /dy(¢) and the simultaneous
uvg; (t) signal for every elementary coherent structure of the wall
region, the phase time of every quadranteventrelated to the passage
of the von Kdrmadn structure was statisticallydetermined. During the
analysis, it was taken into account that the timescale of each ele-
mentary quadrant structure was smaller than the Strouhal period.
This was experimentally verified by computing the probability dis-
tribution of the duration of each elementary structure. The Strouhal
period T, that could be evaluated from the gradient signal was not
constant. There was a Strouhal period distribution at every position
where measurements were performed. Figure 3 shows probability

ny,Qi (T) = (7)
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Fig. 3 Probability distributions of the Strouhal period for various y
positions at x =70 mm.

Table1 Timescale and distances normal to the wall,
which define the A shape at various streamwise locations

X, mm xt YA, mm yj{ ta, MS tj{
50 875 0.9 16 4.8 21
60 1050 1.3 23 4.6 20
70 1225 1.5 26 4.8 21
80 1400 1.9 30 6.4 28
90 1575 1.9 33 4.6 20
100 1750 2.3 40 4.1 18
110 1925 2.5 44 3.9 17
120 2100 2.5 44 4.3 19

distributions of 7, for various y positions at the streamwise posi-
tion xT =1225 (x =70 mm); T, is made dimensionless with the
friction velocity u, and the kinematic viscosity v, i.e., ;7 = T,u? /v.
No detectable y effect concerning the probability distribution of
the case of T, could be detected. From the distributions of T,
the most probable Strouhal period is 10.5 ms or in nondimensional
form?; =46.No detectable y effectconcerningthis period could be
observed.

From the computed correlations the times were specified that
corresponded to maximum values of the cross correlations. These
times for each quadrant are schematically presented in Fig. 4 for
various y positions across the boundary layer and for x = 60, 80,
and 110 mm or x* = 1050, 1400, and 1925, respectively. The time
between 7 =0 and 46 corresponds to the time between two suc-
cessive von Kdrmdn vortices of the wake with positive vorticity.
Symbols corresponding to the various quadrant events are denoted
in Fig. 4. This procedure was performed for the various x positions
between 50 and 150 mm (x* between 875 and 2625), and figures
similarto Fig. 4 offerimportantqualitativeinformation about the se-
quence of events occurring across the boundary layer and how they
evolve with streamwise distance during the wake-induced transi-
tion. Two time sequences of elementary coherent structures were
observed along the transition region, depending on the distance
from the wall. They were sequence S1—ejection, interaction wall-
ward, interaction outward, sweep; and sequence S2—interaction
wallward, ejection, interaction outward, sweep. Sequence S1 was
observed close to the wall (approximately at y* distances between
12 and about 60), whereas sequence S2 was observed for distances
farther away from the wall (y™ > 70-80). Their difference was ob-
served in the sequence of ejections and interactions wallward. The
y extent in which sequence S1 occurs is a function of the stream-
wise distance. Within this y extent the time delay distributions be-
tween ejections and interactions wallward have a characteristic A
shape, as schematically indicated in Fig. 4, for x™ =1400 (x =
80 mm). This A shape was detected at streamwise distances be-
tween 40 and 80 mm (x* between 700 and 1400, respectively). Far-
ther downstream, the S1 sequence is still detected, whereas the A
shapecannotbe clearly distinguished.The dimensionlesstimescales
tf (1} =t,u? /v, where t, is the timescale) and the dimensionless
y extent of the A shape yX (yX = yput,/v) can be specified from
diagrams similar to the ones shown in Fig. 4. These scales are pre-
sentedin Table 1 for the various streamwise distances;the structures
grow in y scale with streamwise distance.

C. Ensemble-Average Technique and Ensemble-Averaged
Flow Structure

A further treatment of the velocity and gradient signals was ap-
plied toisolate the most representativeevents that occurin the wake-
induced transition region. To this end, an ensemble-average tech-
nique was applied, which is described next.

As was already mentioned, the Strouhal period in the wake was
identified from the signals of the gradient probe. The Strouhal pe-
riods varied in a range shown in Fig. 3; the most probable Strouhal
period, however, for all x and y positions was 10.5 ms. During the
ensemble-averageanalysis, only segments of the dU /dy signal that
corresponded to the most probable Strouhal period were consid-
ered. Simultaneous to those gradient signal segments, the - and
v-velocity signals were selected. These signals were further used
to compute the instantaneous values of the quantities uv(¢), u?v(t),
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Fig.4 Time sequence of elementary events across the boundary layer for three streamwise positions.

and v* (7). A further treatment of the signal segments was based on
the level of the instantaneousuv. More specifically, values of uv (i)
were filtered out according to the following relation:

uvmeun(i) - Suvrms(i) < MU(Z) < uvmeun(i) +§uvrm>(i) (8)

Here, i presents a phase time in the selected Strouhal period (be-
tween t =0 and 10.5 mS) UV e (1) and uv,, (i), corresponding to
ensemble averages and rms values of the uv signal and computed
from the signal segments of the most probable period, respectively.
The number &, a threshold parameter, attained the values 1 or 2,
corresponding to the 68.27 or 95.45% of the uv signal sample, re-
spectively.In this work only the ensemble averages of the quantities
uv(r), u*v(t), and v*(¢), which correspond to the value £ =1, are
reported. In this way the uv signal was filtered, excluding very high
or very low uv values. From the uv satisfyingrelation (8), an ensem-
ble average was computed, corresponding to the instant i, (v (7)),
according to the relation

n—k
(o)) = Y uv(j.i)/(n — k) ©)

j=1

The number 7 is a counter of all of the members of the ensemble
that satisfy the condition of having a Strouhal period equal to the
most probable value (10.5 ms); on the other hand, k is a counter

that excludes from the ensemble average those members that do not
satisfy threshold condition (8). In the same way, the correspond-
ing ensemble averages of the quantities (u?v(i)) and (v3(i)) were
computed, and they are presented in the next paragraph.

The purpose of the just-described ensemble-average technique
was the identification of the most characteristic structures that oc-
curred during the strong wake-induced transition along the flat
plate. To this end, from the ensemble-averaged velocity compo-
nent (u(i, y)) the stream function W (i, y) was computed from the
relation (u)(i, y) =dW¥ (i, y)/dy. To every instant i there is a cor-
responding streamwise distance x; according to a relation of the
form x; = U.i (where U, is a local convection velocity). For every
instanti between zero and 10.5 ms, the values of the stream function
W (i, y,,) atvarious y positions y,, were determined from the relation

V(i yu) =V, Ym—1) + W)@, yu) dy (10)
Here, dy is the increment in the y direction, the number of which
was determined by the number of y locations, where measurements
were conducted. Data covered y distances near the wall (between
y=0.7 and 3.5 mm). The number of these measurements for every
x position was about 30, whereas the number of i instants at which
the computationof the stream function was carried out was about 40,
specified by the data sampling frequency. In this manner the com-
puted stream function contours gave a picture of the flow structure
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Fig. 5 Ensemble-averaged flow pattern during a Strouhal period for
three streamwise positions.

near the wall. In Fig. 5 the ensemble-averagedcontours of the stream
function ¥ are shown for the streamwise locations x =40, 70, and
80 mm (or x* =700, 1225, and 1400, respectively) of the transition
region. For streamwise distances smaller than x* =578 (transition
onset), the wall flow was laminar, whereas away from the wall the
features of the von Karman vortices were depicted in the stream
function contours. In Fig. 5 the ensemble-averagedcontours of the
stream function ¥ (i, y) atx =40 mm (x™ = 700), close to the tran-
sition onset (x =33 mm), are shown. The ensemble-averaged flow
pattern of the von Karmén structure can be observed at distances
from the wall greater than y+ =20, whereas a vortex with negative
vorticity appears initially, followed by the von Karmén vortex of
positive vorticity. In Fig. 5 the time 7, and the streamwise distance
x increasein oppositedirections.In Fig. 5 at the streamwise position
x =70mm (x* = 1225), a secondaryvortical structure with positive
vorticity appears in the wall region. This structure occurs simulta-
neously with the passage of the von Karmén vortex with negative
vorticity. On the other hand, during the passage of the von Kdrman
vortex of positive vorticity no importantactivity in the wall region is
observed. For all x positions the secondary structure occurs simul-
taneously with the passage of the von Kdrman vortex with negative
vorticity. The timescaleof theinduced secondary structuredecreases
with the streamwise distance, whereas its length scale in the y di-
rection increases with streamwise distance. Figure 5 shows that, for
x =80mm (x* = 1400), the secondarystructure has been convected
to higher distances from the wall. These phenomenacan also be ob-
served at the distancex =90 mm (x* = 1575); they disappearat the
streamwise positionx™ = 1750 (x = 100 mm). Typical lengthscales
of the secondarystructure, which were estimated from the plots simi-
lar to Fig. 5, are around 20 wall units in the y directionand 150 wall
units in the streamwise direction. From similar contour diagrams
as in Fig. 5, the secondary structure reappeared at around x* =
1925.

At x* =2100 the organized von Kdrmadn structure could still be
detected, whereas for greater streamwise distances the vortex with

70
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0- 0 . . .
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Fig. 6 Contours of the ensemble-averaged Reynolds stress for three
streamwise positions.

positive vorticity approached the wall and the secondary structure
could not be detected any more. For distances greater than x =
170 mm (x* =2975), no Strouhal frequency could be identified in
the velocity spectra; consequently the ensemble-average analysis
could not be applied.

D. Ensemble-Averaged Contours of {uv), {u?v), and {v?)

The ensemble-averagetechnique describedin the preceding para-
graphwas applied to the Reynolds stress signal #v and to the signals
of turbulent kinetic energy transfer terms v and v*. This compu-
tation was focused on the region near the wall (up to y =3.5 mm)
and for streamwise distances between 40 and 150 mm (x* =700
to 2825). Contours of the ensemble-averaged values of these terms
were computed during the most probable Strouhal period. Figure 6
shows the Reynolds-stress ensemble-averaged contours for three
streamwise positions x =40, 70, and 90 mm (x* =700, 1225, and
1575). The (uv(i)) values near the wall at the streamwise position
x =40 mm are low and positive. Farther downstream, the (uv (7))
values are also low and sometimes negative. Nevertheless, these low
values are within the experimental error. The contours in Fig. 6 at
greater y distances correspond to higher (uv(i)) values and show
clearly the influence of the von Kérmdn vortices, taking an ellip-
soidal shape. Figures 7 and 8 show the contours corresponding to
the transferterms (#?v(i)) and (v?(i)) for the same streamwise dis-
tances as in Fig. 6. Both transfer terms change signs during the
passage of the external wake vortices of positive or negative vortic-
ity. Negative values of both transfer terms correspondto the passage
of the wake vortex with negative vorticity. According to the contours
of the transfer terms, it is proposed that, during the passage of the
negative vorticity wake vortices, turbulent kinetic energy of the u
and v velocity componentsis transferred from the outer flow region
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Fig. 7 Contours of the ensemble-averaged transfer term {u?v) for
three streamwise positions.

(wake) toward the wall. Similarly, during the passage of the von
Karmén vortex of positive vorticity, when the transfer terms obtain
their maximum positive values, turbulentkinetic energy of the u and
v velocity componentsis transferred from the wall toward the outer
region.

IV. Discussion

In Fig. 9 two ideal vortices having opposite signs of vorticity are
schematically shown together with the time sequences S1 and S2 of
the elementary coherent structures that occur during the passage of
the von Kdrmadn vortices. In the same figure the elementary struc-
tures that are associated with the vortices of positive and negative
signs are presented. Sequence S2, which was observed at distances
away from the wall, could be associated with the passage of the von
Karmén structure.For sequence S1, which was observedclose to the
wall, one could suggest that the A shape corresponds qualitatively
to the secondary structure; this is shown in Fig. 5 by observing the
stream functions. The sequence of an ejection, followed by an inter-
action wallward, occurs simultaneously with the passage of the vor-
tex with negative vorticity of the von Kdrmadn structure in the outer
region. The streamlines in Fig. 5 show clearly the occurrence of
the secondary structure simultaneously with the passage of the von
Karmdn vortex with vorticity of opposite sign. In the same way, the
upper partof the secondarystructure correspondsqualitativelyto the
instantaneouspassageof an ejectionfollowed by an interactionwall-
ward. The data suggestthat the passage of each vortex pairinducesa
single sequence of events close to the wall. The streamwise position
and the timescales of the secondary structure are in agreement with
the ones of the A shape, up to the streamwise distance of x ™ = 1400.

0 30 6.0 9.0
Ts (ms)

Fig.8 Contours of the ensemble-averaged transfer term {»3) for three
streamwise positions.

7
R IO ~p s
r 1 NS
| \iu /“If\ | 82 Q4 Va1
L”*IA__I__J o >0
| |
r—————t-— 81
NN x

Fig. 9 Sketch of two wake vortices and event sequences S1 and S2.

Farther downstream, the secondary structure is convected to higher
distances from the wall, where the A shape gradually disappears.
The distribution of the intermittency factor in the streamwise
direction, presented in Fig. 2, shows a deviation from the distribu-
tion predicted by relation (1), especially in the streamwise region
between x =70 and 110 mm. In the same streamwise region the
secondary structure, identified from the contours of the stream func-
tion (Fig. 5), is developed while remaining in the region near the
wall. Around x =90 mm, where a local maximum in the y distribu-
tion occurs, the secondary structure is still in the near-wall region,
while its scale reaches its maximum value. In the streamwise re-
gion between 90 and 110 mm, the secondary structure s lifted away
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from the wall; therefore, a decrease in the intermittency factor is
expected because y is measured at y =0.7 mm (y* =12). At x =
110 mm, a reappearance of the secondary structure takes place near
the wall; hence, the intermittency factor starts increasing again with
x, approachingunity farther downstream where the transitional flow
tends to become a fully developed turbulent flow.

Doligalski and Walker' and Peridier et al.>* studied numerically
the receptivity of a boundary layer disturbed by a vortex structure
of negative vorticity moving in a uniform velocity field. Using sev-
eral convectionvelocitiesof the structure and preservingits distance
from the wall constant, their computations showed that for a criti-
cal convection velocity a lift-up of the boundary-layer streamlines
occurred. This phenomenon was associated with a local increase in
the boundary-layerthickness. The flow is separated during the pas-
sage of the (ideal) vortex structure, developing a secondary vortical
structure near the wall. This vortical structure was of the same posi-
tive vorticity as the secondary vortex identified in the present work,
whereas no separation of the boundary-layerflow could be detected
here in a fixed frame. This is a qualitative comparison between the
two investigationsbecause the von Kdrman vortex streetis far more
complicated than the idealized vortex considered by Doligalski and
Walker.!

On the basis of conditional analysis of their experimental data,
Rajagopalan and Antonia® suggested that in the wall region of a
turbulent boundary layer transverse vortices could be associated to
others of opposite vorticity. The present work verifies this fact only
for the negative transverse vortex. During the passage of the vortex
with positive vorticity of the von Kdrmdn structure, no negative
vorticity structure was detected near the wall.

Klewick et al.?® studied the correlation between transverse vor-
tices and the turbulent kinetic energy transfer mechanism in the
wall region of turbulent boundary layers. They measured a positive
vw, value associated with a change in turbulentkinetic energy pro-
duction. The positive vw, term indicates that a negative vorticity
structure can be combined with negative v fluctuations of the veloc-
ity. This fact is also confirmed by the present measured values of
(v3) and (u?v) in the wall region.

Luton et al.% simulated numerically the interaction of a spanwise
vortex with a flat-plate boundary layer. They concluded that a suffi-
ciently strong negative vortex induces an eruption of opposite sense
vorticity and the generation of a secondary vortex. The secondary
vortex induced an upward motion of the primary vortex. This re-
sponse of the primary vortex, called the rebound phenomenon, has
been observedalso by otherinvestigators(e.g., Refs. 27 and 28). In
the present work the rebound phenomenon could not be identified.
The developmentand lift up of the secondary structure with positive
vorticity, however, indicate a possible rebound of the von Kdrman
vortex with negative vorticity.

The present work can be considered as having a broader signifi-
cance. During the interaction of the cylinder wake with the bound-
ary layer, the flow phenomena can also be understood as a traveling
wave, which the plate senses in the form of a wavy disturbance
convected downstream. A way to gain better insight into these phe-
nomena would be to determine the pressure distribution along the
plate.

V. Conclusions

Structural aspects of a strong wake-induced transition on a flat
plate have been experimentally investigated. Combining the qua-
drant-splitting analysis of the streamwise and normal-to-the-wall
velocity signals and the cross correlation between velocity and gra-
dient signals, a mean picture of the flow with respectto the four ele-
mentary motions (quadrants) has been inferred. Away from the wall,
the time sequence of the quadrants (interaction wallward-ejection-
interaction outward-sweep) is the result of the induced flow by
the von Karmdn street. In the region near the wall (y* < 60), the
time sequence is altered (ejection-interaction wallward-interaction
outward-sweep). Applying a combined ensemble-average and fil-
tering technique, a picture of the most characteristic flow elements
can be inferred. The conclusionis made that during the strong wake-
induced transition a secondary structure is formed near the wall
simultaneously with the passage of the vortex with negative vor-
ticity. The secondary vortical structure possesses positive vorticity

and starts forming at the transition onset; it grows initially in scale
and at a streamwise location of about 110 mm is lifted up. A reap-
pearance of the secondary structureis observed farther downstream
at approximately 120 mm. The conclusion is also made that during
the passage of the negative vorticity wake vortices turbulent ki-
netic energy of the # and v velocity componentsis transferred from
the outer flow region (wake) toward the wall, whereas during the
passage of the wake vortex with positive vorticity turbulent kinetic
energy of the # and v velocity components is transferred from the
wall toward the outer region.
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