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Effects of Streamwise Vorticity Injection on a
Plane Turbulent Wake
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Past flow visualization investigations of plane wakes originating from laminar initial boundary layers have shown
the presence of streamwise vortical structures riding among the spanwise (von Karman) vortices. Quantitative
measurements of the mean streamwise vorticity were recently obtained which shed more light on their formation
and subsequent evolution. Measurements made in the same wake with both initial boundary layers turbulent,
however, showed that spatially stationary streamwise structures did not exist in this case, thus resulting in a
distinctly different mean three-dimensional structure and streamwise evolution. In the present study, the effects of
injecting streamwise vorticity on the structure and development of a wake originating from turbulent boundary
layers are investigated. A corrugated extension attached to the splitter plate trailing edge produced a relatively
strong array of counter-rotating pairs of streamwise vorticity which were injected into the turbulent wake. This
resulted in large spanwise variations in the wake mean properties and Reynolds stress distributions. Although the
mean streamwise vorticity decreased with downstream distance, the spanwise variations were found to persist into
the far-field region (X/ 0 > 500) of the wake. In the near-field region (X/ 0 < 500), the wake growth was increased,
and the velocity defect was reduced, both because of increased entrainment due to the injected vorticity. However,
in the far-field region, the forced wake growth rate and peak Reynolds stresses were reduced significantly with
respect to the undisturbed wake. This result is attributed to the effect of the relatively strong streamwise vorticity in
making the spanwise structures more three dimensional and, hence, less efficient at entraining surrounding fluid.

Nomenclature
b - wake half-width
Cf = boundary-layer skin friction coefficient
H_ = boundary-layer shape factor _ _ _
q2 = twice the turbulent kinetic energy, u'2 + v'2 -f w'2
Rei = Reynolds number, UL/v
s = average spacing between streamwise vortices
U,V,W = mean velocity in the X, F, Z directions, respectively
Ue = freestream velocity in the test section
UQ = wake velocity defect
u,v,w = instantaneous velocity in the X, 7, Z directions,

respectively, e.g., u = U -f u'
u' ,v' ,w' = fluctuating velocity components in the X , F, Z

directions, respectively
X,Y,Z = Cartesian coordinates for streamwise, normal, and

spanwise directions, respectively
F = average streamwise vortex circulation
599 = initial boundary layer thickness
0 = far-field wake momentum thickness
0 = initial boundary-layer momentum thickness
&x = mean streamwise vorticity, dW/dY - dV/dZ
() = time-averaged quantity
Omax = maximum value at given X station
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Introduction

S INCE turbulent wakes are often encountered in practical aero-
dynamics, the ability to control their structure and growth

properties would obviously have a vital impact on the performance
of many vehicles. The two-dimensional structure of wakes generated
by bluff bodies, such as circular cylinders, and streamlined bodies,
such as airfoils and flat plates, have been widely studied over the
years.1"4 All of the earlier studies concluded that the primary struc-
ture of the plane wake consists of strong, two-dimensional spanwise
vortices of alternating sign forming the familiar von Karman vortex
street.

From the outset, it was observed that the plane wake develop-
ing from laminar boundary layers also contained an additional sec-
ondary (three-dimensional) structure which was superimposed on
the spanwise vortices.5'6 Subsequent studies showed that the sec-
ondary structure was in the form of pairs of streamwise vorticity,7"9

similar to the ones observed in plane mixing layers,10 although
two rows of streamwise vortices were observed in wakes com-
pared to the one row in mixing layers. The origin and evolution of
these naturally occurring streamwise structures in a flat plate wake
were recently investigated at relatively high Reynolds numbers (Reb
= 28,000) through detailed measurements of the mean and fluctu-
ating velocities.11 In the formation region, the mean streamwise
vorticity appeared in a well-organized, spatially-stationary arrange-
ment in the form of quadrupoles with each quadrupole consisting
of two pairs of opposite-sign mean vorticity, with like-sign vor-
ticity located diagonally opposite one another. The quadrupoles of
mean streamwise vorticity produced large spanwise variations, in
the form of pinches and crests, in the cross-stream plane contours of
mean velocity and Reynolds stresses. The presence of mean stream-
wise vorticity also had a significant effect on the wake growth and
defect-decay rates, mainly by providing additional entrainment, in
addition to that provided by the spanwise vortices. Although the
mean streamwise vorticity decreased with downstream distance, the
spanwise variations in the velocity contours were found to persist.

With the initial boundary layers tripped, spatially stationary
streamwise vortex structures were not observed, and the mean
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Fig. 1 Schematic of shear layer wind tunnel.

velocity and Reynolds stress contours appeared nominally two
dimensional throughout the wake development.11 Note that stream-
wise structures which are spatially stationary and make a continuous
contribution to the secondary velocities over the full data acquisition
time will always be identified in time-averaged measurements. How-
ever, relatively small-scale isolated structures, or those which me-
ander (randomly), may not be detected in such measurements. It
is, therefore, possible that time-varying streamwise vorticity is gen-
erated in the tripped wake but not captured in the time-averaged
measurements. However, in a recent direct numerical simulation
of a time-developing turbulent (tripped) wake, streamwise or rib
vortices were not identified at all.12'13 This is because organized
spanwise structures with well-defined braid regions, where the rib
vortices develop, were not formed. The wake appeared more like a
"slab of turbulence with undulating boundaries."

Some attempts to lock-in the streamwise vortical structures in
the initially laminar wake have also been made in flow visualiza-
tion experiments. Meiburg and Lasheras14 investigated the structure
of a splitter plate wake, perturbed by a corrugated trailing edge,
through inviscid vortex simulations and low Reynolds number flow
visualization experiments. They found that the redistribution, reori-
entation, and stretching of vorticity produced counter-rotating pairs
of streamwise vortices which were superimposed onto the spanwise
vortices. These streamwise vortices were in the form of lambda-
shaped structures and resided in the braid regions connecting adja-
cent (opposite-signed) spanwise vortices. Subsequent interaction of
the streamwise and spanwise structures led to the formation of closed
vortex loops. In terms of the streamwise development, Breidenthal15

examined the structure in both a wake and a mixing layer formed
downstream of a splitter plate with a spanwise varying trailing edge
consisting of periodic tabs, and found that the wake, unlike the mix-
ing layer, "remembered" the initial perturbation, and its distorted
structure persisted into the downstream region. These results sug-
gested that the presence of only one or both signs of spanwise vor-
ticity may be of fundamental importance in determining the stability
and spanwise structure of the vorticity field.

The main objective of the present study was to investigate the
effects of streamwise vortex injection on the three-dimensional
structure and development of a plane wake developing from
turbulent boundary layers at relatively high Reynolds numbers (Reb
^ 30,000). In particular, the objective was to investigate the ef-
fects of injected streamwise vorticity on the wake growth rate and

turbulence structure. The behavior of the injected vorticity was also
to be compared to that occurring naturally in the initially laminar
case. An array of relatively strong streamwise vortices, in counter-
rotating pairs, was generated by attaching a corrugated extension to
a splitter plate trailing edge.

Experimental Apparatus and Techniques
The experiments were performed in a shear-layer wind tunnel

(Fig. 1), consisting of two separate legs, each independently driven
by a centrifugal blower.16 The two streams merge in the test section,
downstream of a sharp trailing edge of a slowly tapering splitter
plate with an included angle of 1 deg. The test section is 36 cm
wide in the cross-stream (Y) direction, 91 cm high in the span-
wise (Z) direction, and 3.7 m long in the streamwise (X) direction.
The sidewall on the small blower side is slotted, for probe access,
and is flexible, for pressure gradient control. For each phase of
the present experiments (with and without vorticity injection), this
wall was adjusted to give a nominally zero streamwise pressure
gradient.

In the present study, the two sides of the wind tunnel were run
at freestream velocities (Ue) in the test section of 9 m/s. At these
operating conditions, the measured streamwise turbulence intensity
level (u1'/ Ue) was about 0.15%, and the transverse levels (v'/ Ue and
wf/Ue) were about 0.05%. The mean core flow in the test section
was found to be uniform to within 0.5%, and the crossflow angles
were less than 0.25 deg.

The boundary layers on the splitter plate were tripped using a
1.5-mm-diam round wire glued to each side of the splitter plate at
a location 21 cm upstream of the trailing edge. The boundary-layer
properties, measured at the splitter plate trailing edge in the absence
of the corrugation, and averaged over five spanwise locations, are
given in Table 1.

For the vortex injection, an extension, corrugated in the cross-
stream (Y) direction (Fig. 2), was attached to the end of the splitter
plate, thus giving it a three-dimensional trailing edge. This pertur-
bation is similar to the one investigated by Meiburg and Lasheras.14

The corrugation induced vertical and lateral velocity components
in the boundary layer such that the flow migrated toward the lo-
cal trough.17 The opposite effect took place in the other boundary
layer, and the secondary flow thus generated rolled up into a stream-
wise vortex. Hence, each full cycle of the corrugation produced a
pair of opposite-signed streamwise vortices. The wavelength of the
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Table 1 Tripped initial boundary-layer properties

Condition m/s cm cm Re$ H xlO3

Large side 9.0 0.95 0.099 596 1.49 5.4
Small side 9.0 0.98 0.119 700 1.32 5.1

1.3 cm

3.8 cm<\ \
Round wire trips

on both sides
of splitter plate.

Fig. 2 Schematic of corrugation.

corrugation was chosen to approximately equal that of the natu-
ral streamwise vorticity studied previously in the initially laminar
wake.11 The amplitude of the corrugation was chosen to be of the
same order as the sum of the two boundary-layer thicknesses.

Measurements were obtained using a rotatable cross-wire probe
consisting of 5-/xm-diam platinum-plated tungsten sensing elements
approximately 1 mm in length and separated by approximately
1 mm. The signals were filtered (low-pass at 30 kHz), dc offset,
and amplified by a factor of 10 before being fed into a fast sample-
and-hold analog to digital (A/D) converter with 15-bit resolution
and onto a Micro Vax II computer system. The probe was calibrated
statically in the potential core of the flow (between the wake and
wall boundary layer) assuming a cosine law response to yaw, with
the effective angle determined by calibration. Note that this rela-
tively simple calibration procedure is more than adequate for the
three-dimensional flow studied here since the crossflow angles are
typically less than 10 deg. The test section reference velocity (used
for normalizing the data) and flow temperature (used for correcting
the cross-wire data) were also acquired through the A/D system. In-
dividual statistics were calculated by averaging over 5000 samples
of cross-wire data obtained at a rate of 1500 Hz.

Data were obtained at seven streamwise stations within the test
section, located between X « 5-250 cm (X/S ^ 20-1100) down-
stream of the corrugated trailing edge. The measurements were made
on cross-sectional (YZ) grids with the cross-wire oriented in two
planes (uv and uw}. This yielded all three components of mean
velocity, five of the six Reynolds stresses (v'wf was not measured),
and selected higher-order products. To study the streamwise devel-
opment of the wake, its global properties, such as the defect and half-
width, were evaluated through a span wise averaging technique.18

The spanwise averaged quantities were evaluated by dividing the
measurements obtained on the cross-plane grid into individual Y-
wise profiles. The wake properties for each profile were computed
in the traditional manner and then algebraically averaged over all
of the spanwise positions, giving a single value of each quantity at
each streamwise location.

An error analysis, based on calibration accuracy and repeatability
of measurements, indicates that mean streamwise velocity measure-
ments with the cross wire are accurate to within 3%, whereas mean
cross-stream velocities are accurate to within 10%. Reynolds normal
stress measurements are accurate to within 6%, and shear stresses are

accurate to within 15-20%. The measurements were corrected for
mean streamwise velocity gradient (dU/dY and dU/dZ) effects.11

The streamwise component of mean vorticity (Qx) was computed
using a central difference numerical differentiation of the V and W
measurements. The overall circulation (F) was determined from the
surface integral of the streamwise vorticity field over the crossflow
plane, with vorticity levels less than 20% of the maximum value be-
ing set to zero to provide immunity from noise. The integration was
applied across a box on the measured grid that fully encompassed
each identified vortex [that containing at least two closed vorticity
contours with the spacing of the contour levels chosen to equal 10%
of (£2*)max]- The mean streamwise vorticity measurements were re-
peatable to within about 20% whereas the circulation measurements
were repeatable to within about 25%.

Results and Discussion
All of the streamwise distances (X) in the present paper and some

of the wake properties are normalized by the far-field momentum
thickness (0) of the wake. The streamwise distributions of the mo-
mentum thicknesses were found to achieve approximately constant
levels in the far-field region, giving the values 0 = 0.2, 0.23, and
0.24 cm for the undisturbed untripped, undisturbed tripped, and
forced cases, respectively.11 In the present study, the streamwise
domain, X/S > 500, is defined as the far-field region whereas the
domain, X/S < 500 is defined as the near-field region.

The mean streamwise velocity contours (U/Ue) at four repre-
sentative stations within the range X/S = 100-1030 are presented
in Figs. 3a-3d. A sinusoidal-type spanwise distortion is evident
at the first station, with about two wavelengths captured in the
measured spanwise domain. This is not too surprising since the
row of opposite-signed streamwise vortices would be expected to
produce an alternating "upwash/downwash-type" momentum trans-
port. The distortion is symmetric about the wake centerline (7 = 0),
and local maxima in the velocity defect are observed at locations
where the streamwise vortices would be expected to reside. Farther
downstream, the distortion becomes less severe, although its sinu-
soidal shape persists right up to the last measurement location (X/ 0
= 1030). Toward the end of the measurement domain, a higher wave-
length distortion is also evident, superimposed on that produced by
the injected vorticity. The mean velocity contours suggest that the
spanwise wavelength of the original distortion is roughly constant
with streamwise distance, implying that the spacing of the stream-
wise vortices is maintained. As expected, the wake defect decays
with streamwise distance, from about 14% of the freestream velocity
at X/S - 20 to 5% at X/S = 1030.

The distributions of the turbulence quantities in the wake are also
affected by the injected streamwise vorticity. Since the effects on
all of the Reynolds stresses were qualitatively similar,11 only the
primary shear stress (u'v1/U%) results are presented here. Contours
of the primary shear stress at the same four streamwise locations
as the mean velocity are presented in Figs. 4a-4d. At the first sta-
tion, local peaks of u'v' of both signs are observed. The peaks are
generally located in regions of high mean shear (8U/3Y) which
obviously leads to higher production (through the v'2dU/dY term
in the u'v' transport equation). The shear stress contours exhibit a
sinusoidal variation downstream of X/S = 350 with positive and
negative ridges of u'v', of about equal strength, on either side of
the wake centerline. As with the mean velocity contours, the distor-
tion in the u'v' contours persists up to the end of the measurement
domain, and a larger wavelength distortion becomes apparent. It is
possible that this larger wavelength distortion is a result of a slight
(imperceptible) bowing of the corrugation since wakes tend to be
very sensitive to initial conditions. Presumably, it only becomes
apparent in the far-field region since by then the stronger distortion
due to the streamwise vortices has weakened considerably.

The distortions in the mean velocity and Reynolds stress con-
tours are obviously a result of the injected streamwise vorticity.
The mean streamwise vorticity contours for four streamwise loca-
tions in the region, X/S = 20-350, are presented in Figs. 5a-5d.
As expected, a single row, consisting of counter-rotating pairs of
streamwise vortices of about equal strength, is generated by the cor-
rugation. The mean streamwise vorticity contours are elongated in
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Fig. 3 Mean streamwise velocity (U/Ue) contours: a) X/& = 100, b) X/Q = 350, c) X/& = 650, and d) AT/0 = 1030.

the vertical (7) direction presumably due to the apparent meander
that the probe sees as the streamwise vortices ride over the two rows
of span wise (von Karman) vortices. The mean streamwise vorticity
is clearly decreasing rapidly with increasing streamwise distance,
although the scale of the structures and the spacing between them
is maintained. Beyond X/@ « 500, the mean streamwise vorticity
had reduced to levels comparable to the noise in the measurement
scheme.

To study the evolution of the mean streamwise vorticity in a
more quantitative manner, the streamwise development of the peak
mean vorticity, average circulation, and vortex spacing are plotted
in Figs. 6a-6c, respectively. Also shown in these figures for com-
parison are data for the undisturbed plane wake developing from
laminar initial boundary layers11; recall that spatially stationary
streamwise vorticity was only generated in the wake with untripped
initial boundary layers and not in the tripped wake. The development
of the peak mean streamwise vorticity, averaged over all vortices
identified at a given station, is plotted on a log-log scale in Fig. 6a.
In the region, X/0 < 100, the peak levels of the injected vortic-

ity are slightly higher compared to those of the natural vorticity.
However, the rates of reduction are different for the two cases such
that the peak levels are comparable at X/0 « 100-300 and they
become slightly lower for the injected vorticity at X/0 ̂  300-500.
Thus, the overall reduction rate for the mean streamwise vorticity
in the forced wake is slightly higher than that of the natural mean
vorticity in the unforced wake.

The streamwise evolution of the average circulation per vortical
structure is presented in Fig. 6b. The circulation for each vortical
structure is evaluated as described earlier, and the absolute values
are then averaged over all structures at a given streamwise location.
The average circulation for the undisturbed case is approximately
constant, as would be expected. The circulation for the injected
vortices is much higher initially (by a factor of about 10), but then
drops rapidly such that by X/0 « 400, the levels for the two
cases are comparable. It seems as though the corrugation produces
relatively diffuse but strong vortices which the wake cannot support,
and so they weaken rapidly, at least until their strength becomes
comparable to that of the natural structures.
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Fig. 4 Primary shear stress (ttV/C/J) contours: a) X/Q = 100, b) X/& = 350, c) X/0 = 650, and d) X/Q = 1030.

The development of the mean spacing of the streamwise vortical
structures, calculated by dividing the measured span by the number
of identified structures, is shown in Fig. 6c. The spacing for the struc-
tures in the undisturbed case clearly increases in a stepwise fashion.
However, that for the injected vorticity remains constant throughout
the measured domain. This may simply be due to the fact that the in-
jected vortices are of equal strength and spacing, unlike the naturally
occurring structures,11 and remain that way so there is no tendency
for self-induced motion. An irregular spanwise distribution and in-
duced motion are necessary for the identified mechanisms (vortex
amalgamation and annihilation) which can lead to a change in the
scale and, hence, spacing of the streamwise vortical structures.11

The streamwise evolution of some of the wake global properties
are presented in Figs. 7 and 8. All of the quantities are spanwise
averaged, as already described, and the results for the wake with
streamwise vorticity injection are compared to those for the same
wake (tripped initial boundary layers) without the vorticity injec-
tion. The streamwise development of the wake half-width for the
two cases is shown in Fig. 7a. The half-width is defined as the dis-
tance between the Y locations at which the mean velocity is equal
to (Ue - t/o/2). The development of the half-width for the undis-
turbed case was found to agree well with the half-power-law relation
for a self-similar wake.11 The wake with vorticity injection grows
very rapidly in the region X/S < 300. This result was not too
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Fig. 5 Mean streamwise vorticity (tlx/Ue9 cm"1) contours: a) X/S = 20, b) X/S = 100, c) X/S = 180, and d) X/S = 350.

surprising since the injected streamwise vorticity is expected to en-
train additional fluid (in addition to that by the spanwise vortices),
thus leading to a higher growth rate and thickness. In the region
300 < X/S < 600, the growth rates for the two wakes are compa-
rable. However, farther downstream, the forced wake growth rate is
reduced drastically compared to that of the undisturbed wake and,
consequently, the half-widths are comparable by the end of the mea-
surement domain (X/S ^ 1000). The reduction in forced wake
growth rate occurs in the region where the mean streamwise vortic-
ity has also decreased to negligible levels. This result lends further
support to the argument that the higher forced wake growth rate in
the initial region is due to additional entrainment by the injected
streamwise vorticity.

The streamwise development of the wake velocity defect (U0) for
the two cases is presented in Fig. 7b. Once again, the development
of the defect for the undisturbed wake agreed well with the half-
power-law for a self-similar wake.11 The main difference between
the two cases is in the rate at which the defect falls off. The defect
in the forced case decreases rapidly in the region X/S < 300,

again mainly due to the effects of the injected streamwise vorticity
in entraining more fluid, thus filling in the defect faster. Beyond
X/S ^ 400, the rate of defect decay in the forced wake is slightly
lower than that of the undisturbed case, thus making the defect levels
for the two cases comparable in the far-field region.

Since the streamwise evolution of the forced wake half-width and
velocity defect are affected significantly, it seems conceivable that
the Reynolds stress levels must also exhibit some differences. This
is indeed the case as shown in the streamwise_development results
for the maximum turbulent kinetic energy (#2/£/o)max (Fig. 8a),
and the maximum primary shear stress OV/^o)max (Fig- 8b). The
Reynolds stresses are normalized by a spanwise-averaged velocity
defect. The undisturbed wake levels exhibit the familiar slow rise
to constant levels in the far-field region, thus showing a self-similar
behavior. On the other hand, the forced wake levels clearly tend
to overshoot in the near-field region and then asymptote to lower
levels in the far-field region. The overshoot in the near-field region is
attributed to additional production due to the mean velocity gradients
(of all three mean velocities) generated in the distorted wake. The
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Fig. 6 Streamwise development of mean streamwise vorticity proper-
ties: a) peak streamwise vorticity [(fi*©/^?)maxL b) average streamwise
vortex circulation (T/0t/<>), and c) streamwise vortex spacing (s/0).

lower stress levels in the far-field region are consistent with the
lower growth rate. It is interesting to note that the peak Reynolds
stress levels for the forced wake show no signs of recovering to the
undisturbed levels, even toward the very end of the measurement
domain (X/ 0 « 1100). This result reiterates the very slow recovery
of a plane wake from initial perturbations.

One of the most important and interesting results from the present
study is the effect of the injected streamwise vorticity on the wake
growth and defect decay in the far-field region. Most of the growth of
a wake occurs due to entrainment, in the form of engulfment of fluid,
by the nominally two-dimensional span wise vortical structures. In
the wake developing from laminar boundary layers, the stream-
wise vortical structures are found to be superimposed on the span-
wise (von Karman) rollers.14 On the other hand, streamwise vor-
tical structures have not been observed in an undisturbed wake
developing from turbulent boundary layers.11"13 It was found in
our earlier experimental studies11 that the near-field growth and de-
fect decay rates were significantly higher in the initially laminar
wake compared to those in the turbulent case. The difference was
attributed to the ability of the streamwise vortices in the initially
laminar case to entrain additional fluid, thus leading to a higher
growth rate and faster defect decay. Since the mean streamwise vor-
ticity decreased with downstream distance, the growth and defect
decay rates in the far-field region were found to be comparable for
the tripped and untripped wakes.11 Thus, it was expected that in
the present study the injection of streamwise vorticity would also
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Fig. 7 Streamwise development of wake global properties: a) wake
half-width (b/®} and b) velocity defect (UQ/Ue\
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Fig. 8 Streamwise development of maximum Reynolds stresses: a)
maximum turbulent kinetic energy [(q2/U%)max] and b) maximum pri-
mary shear stress [(w V/£/j5)max].

increase the wake growth and defect decay rates. These effects are
certainly apparent in the initial region of the forced wake (Figs. 7a
and 7b). However, farther downstream, the growth and defect decay
rates of the forced wake and its peak Reynolds stresses are reduced
below those for the undisturbed tripped wake, a somewhat surprising
result.

In the present forced wake, the relatively strong injected stream-
wise vorticity must be expected to affect the coherence of the span-
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wise structures, based on the gross distortions in the mean velocity
and Reynolds stress contours (Figs. 3 and 4). It is conceivable that
less fluid would be engulfed if the coherence of the spanwise struc-
tures were reduced, thus making them more three dimensional. It is
proposed here that the injected streamwise vorticity reduces entrain-
ment by the spanwise rollers by modifying their spanwise coherence.
In the near-field region, additional entrainment by the secondary
structure more than makes up for this deficit. However, entrainment
due to the injected streamwise vortices decreases, since they weaken
rapidly with streamwise distance, but the spanwise structure recov-
ery is slow, as partly evidenced in the contour plots of mean velocity
and Reynolds stresses. As a result, the overall entrainment rate is
reduced in the far-field region and, hence, the growth and defect
decay rates of the wake drop.

In many ways, the effects of streamwise vorticity injection on the
wake structure and development are very similar to those previously
observed in mixing layers using the same spanwise perturbation
mechanism.19 The growth rate and peak Reynolds stresses in the
mixing layer were also increased by vorticity injection in the near-
field region and reduced in the far-field region. The injected vorticity
weakens relatively quickly in both shear flows. The main difference
between the effect in the wake and the mixing layer is that the mean
velocity and Reynolds stress contours in the mixing layer recover
to a nominally two-dimensional behavior in the far-field region,
whereas those in the wake still sustain the distortions. We believe
that it is the effect of the injected vorticity on the coherence of the
spanwise structures that is responsible for the observed effects in
both free-shear flows.

Conclusions
The effects of injecting a relatively strong array of streamwise

vortices on the structure and development of a splitter plate wake
originating from turbulent boundary layers have been investigated.
Counter-rotating pairs of streamwise vortices were generated by a
corrugation attached to the splitter plate trailing edge.

The injected vorticity produced large spanwise variations in the
mean velocity and Reynolds stress contours which persisted into
the far-field region (X/0 > 500). This is despite the fact that the
mean streamwise vorticity decreased rapidly with streamwise dis-
tance such that it was not measurable in the far-field region. The peak
mean streamwise vorticity of the injected vortices decreased some-
what faster than that of the natural vortices previously measured
in undisturbed wakes developing from laminar boundary layers.11

However, unlike the natural vorticity, the spanwise spacing of the
injected vortices did not increase with streamwise distance. The
main reason for the lack of change in spacing is that the uniform
array of injected streamwise vortices remains more or less uniform,
and there is less tendency for self-induced motions of the vortices,
a necessary condition for a spanwise scale change.

The present results clearly show that the structure and growth
of a turbulent wake can be effectively controlled by imposing
a relatively strong streamwise vortical structure at the origin. It
was expected that vorticity injection would increase wake growth
and defect decay due to extra entrainment by the streamwise
structures, and this was indeed observed in the near-field region
(X/0 < 500). However, the far-field growth rate of the forced
wake and the peak Reynolds stresses were drastically reduced over
those in the undisturbed case. The rate of defect decay was also
reduced somewhat in the far-field region. It is conjectured here that
the injection of relatively strong streamwise vorticity at the ori-
gin leads to reduced growth and defect decay in.the far-field by

breaking-up the spanwise structures, making them more three di-
mensional and, hence, reducing their entrainment efficiency. In the
near field, this effect is compensated for by increased entrainment
from the streamwise structures, but this contribution is lost in the
far field, where the streamwise vortical structures have weakened
considerably.
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