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Counter-Rotating Vortices Embedded in a Turbulent
Boundary Layer with Inclined Jets

X. Zhang*
University of Southampton, Southampton, England SO17 1BJ, United Kingdom

Counter-rotating vortex pairs in an otherwise flat-plate turbulent boundary layer were studied in a wind-tunnel
model experiment. The vortices were produced with pairs of inclined round jets with nozzle exit flush with the
plate surface. The skew angle and pitch angle of the nozzle were 45 deg. The Reynolds number based on the
momentum thickness of the oncoming boundary layer was 3.8 X 103. A velocity field survey was performed with
a three-component laser Doppler anemometry system. The effects of jet speed on the streamwise development of
the vortices were investigated. The flow had an upwash region in between the vortices that were embedded in the
turbulent boundary layer. The upwash was produced by the vortices and the interaction between diametrically
opposed secondary, near-wall flows. Velocity measurements indicated flow separation and entrainment behind the
jet exit, and this was corroborated by surface flow observation. The vortex development was divided into two
stages: a near-field stage where the wake of the jet plays an important role and a far-field stage where turbulent

dissipation and diffusion are important.

Nomenclature

= nozzle hydraulic diameter
= mean velocity componentsin x, y, z directions
= Cartesian coordinates
= jet pitch angle
= jet skew angle
= circulation level, normalized by Uy, /D>
= jet velocity ratio, V; /U,
= normalized streamwise vorticity,
(W /ay =9V /3z)D /Uy

D
u,v,w
X, .2

D>"1T™R

Subscripts

c = center of the vortex
j = jet flow condition

m = peak vorticity

00 = freestream condition

I. Introduction

ALLIS! suggested that a judicious use of inclined jets can

producediscrete streamwise vortices and hence create possi-
bilities for flow control, particularly in situations where a boundary
layer separates or stall occurs. Various concepts such as corotat-
ing jets and jet vanes were proposed by Wallis, which were later
taken up independently by Freestone’ and Johnston and Nishi,?
using wind-tunnel model tests. Since then, a number of experimen-
tal studies have been performed on the inclined jets (or jet vortex
generators).*”7 The main advantage of using inclined jets over con-
ventional vanes (see, for example, Ref. 8) is a lower and possibly
zero drag penalty when not activated, and a potential for active
control.

The generation and development of a streamwise vortex or vor-
tices by inclined jets are determined by a number of flow param-
eters, such as skew angle, pitch angle, velocity ratio, relative size
and geometry of the jet, and nozzle orientation. Among the vari-
ous researchers Freestone? surmised that a rectangularnozzle could
produce a superior vortex for flow control, following suggestions
made by Wallis.! Johnston and Nishi* and Compton and Johnston*
conducted detailed surface-pressure and pressure-probe surveys of
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single- and multiple-jet vortex generators, including the effects of
the skew angle and velocity ratio. Selby et al.’ identified the ef-
fects of jet speed and skew angle on flow separation over a ramp,
using surface-pressure tappings and oil-flow visualization. Zhang
and Collins® 7 studied the effects of skew angle, pitch angle, and
jet speed using a single round jet and a single rectangular jet in
a flat-plate boundary layer, employing laser Doppler anemometry
(LDA).

Introducing a skew angle leads to a single, dominant stream-
wise vortex eventually being formed downstream of a nozzle. The
strength of the vortex is influenced greatly by the skew angle.
Selby et al.’ identified an optimal skew angle between 60 deg < 8 <
90 deg, whereas Compton and Johnston® suggested a value between
45 deg < B <90 deg. Zhang and Collins®’ gave a value between
30deg < B < 60 deg for effective flow control. Apart from the skew
angle, a pitch angle of 30 deg was found to produce stronger stream-
wise vortices. It was also shown that a higher jet speed would not
necessarily result in better vortices for flow control, as the center of
the vortex is farther away from the aerodynamic surface than those
produced with slower jets.

In recent works a significant amount of effort has been concen-
trated on a single jet or jet arrays producing corotating vortices.
One feature of the corotating vortices is the ability of the vortices
to stay closer to an aerodynamic surface. The current study, how-
ever, focuses on inclined jet pairs producing counter-rotating vor-
tices in a boundary layer, which is an area that has received little
attention up until now. Johnston and Nishi® found jet arrays that
gave counter-rotating vortices, which could cause significant span-
wise skin-frictionvariation. If properly arranged, the jets can lead to
stronger vorticesinitially, which would furtherenhance the prospect
of employing bleed air from an aircraft engine or exhaust of a rac-
ing car for flow control. In fact, a counter-rotating arrangement is
ideally suited to diffuser flow control applications such as that on a
racing car. A relevant study on a counter-rotating vortex pair above
an aerodynamic surface was performed by Cutler and Bradshaw’
using a delta wing to generate the vortices. The difference between
the currentstudy and that of Cutler and Bradshaw is that the vortices
employedin this study are at least an order magnitude lower in terms
of circulationlevel. The current work investigates the use of vortices
for flow control; those employed by Cutler and Bradshaw are typical
of vortex/aircraft interaction. Furthermore, the streamwise vortices
generated by an inclined jet will not possess a velocity deficiency
in the core of the vortex if the jet velocity ratio A is higher than
unity* Another feature of the present flow is the direction of the
transverse velocity in between the vortices. Counter-rotating vor-
tices generated by delta wings and similar devices tend to have a
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common flow down in between the vortices. In the present study
there exists a common flow up in between the vortices. As a result,
the effective area for flow control differs. Another related study us-
ing vanes was performed by Pauley and Eaton,'” where a common
flow down region also existed between the vortices.

The approach used in this study is that of wind-tunnel model
experiments. To establish an understanding of major flow physics,
a baseline flow including a flat-plate turbulent boundary layer and
inclinedjets was selected. A detaileddescriptionof the experimental
arrangementis given in Sec. IL.A.

II. Experimental Setup
A. Test Conditions

The model tests were conductedin the R.J. Mitchell (3.5 x 2.6 m)
low-speed wind tunnelin the Departmentof Aeronauticsand Astro-
nautics. This tunnel has a freestream turbulence level of 0.3%, and
the tests were run at a tunnel speed of 20 m/s. The flat-plateboundary
layer was developed on an aluminium plate placed at 0.9 m above
the tunnel floor with a leading-edge droop formed by a 55-mm cir-
cular arc with a 125-mm radius. The plate occupied the span of the
test section, and the two-dimensionality of the flow was verified at
various spanwise positions. Transition was fixed by a 10-mm-wide
60-grit sand strip placed 100 mm downstream of the leading edge.
A schematic of the test setup is shown in Fig. 1. The jets were
placed 1.07 m downstream of the sand strip. The boundary layer
100 mm upstream of the jet center (origin of the measurement coor-
dinates) has a momentum thickness of 2.74 mm and a skin-friction
coefficient of 0.003, corresponding to a fully developed turbulent
boundary layer. The thickness of the boundary layer is 25 mm. The
Reynolds number based on the momentum thickness is 3.8 x 10°.
The Reynolds number based on the jet diameter is in the range of
9.7 x 10°-2.9 x 10*.

The arrangement of the inclined nozzles is shown in Fig. 1a, to-
gether with the measurement coordinate system that is used in the
presentation of the results. A total of three pairs of inclined noz-
zles was employed. Measurements were concentratedon the central
pair. This arrangement serves to establish proper boundary condi-
tions for numerical modeling exercises. The nozzles were formed
by 100-mm straight brass pipes 14 mm in diameter. The pipes were
installedinto a plug that was flush mounted on the plate. The nozzles
were connected through a plastic pipe to a Dantec 55L18 seeding
generator and through the generator to a Fisher valve that led to a
compressed air supply. The pressure was thus regulated twice in a
test and stayed stable throughout a run (lasting typically 1 h). The
jet velocity was calibrated before and after each test run using a
pitot-static probe. The pitch angle o and the skew angle 8 of the
jet were both set at 45 deg, following results from earlier, single-jet

zA /x(

a) Jet exit

Z)

Range of measurement planes
Roughness strip Uy o —
i

X

=N :

4
Am 1.07m—— 0.07m
0.56m
_.E. Droop

b) Plate dimensions

Fig.1 Schematic.

studies® 7 The velocity ratios of the jet A were set at 0.5, 1.0, and
1.5. For each flow setting measurements were conducted on cross
planes at x =5, 10, 20, 30, and 40D, as well as on a rectangular
area at z =0.25D above the nozzle exit. Furthermore, a series of
spanwise velocity surveys were performed at a height of z=0.25D
at various streamwise locations (5-40D). When surface flow vi-
sualizations were performed, the model surface was covered by a
black Fablon self-adhesive vinyl sheet, on top of which a mixture
of fluorescence powder and paraffin was applied.

B. LDA Measurements

The LDA measurements were performed with a three-component
Dantec system with a 5-W Ar-ion laser generator. The LDA system
was operated in an off-axis backscatter mode. A description of the
velocity resolution can be found in Ref. 7. The velocities measured
in the beam axes were resolved into the tunnel coordinate system
(x, y,z) using a matrix transformation. Seeding was provided by
two seeding generators: one released seed particles downstream of
the model and the other into the nozzle flow. The seedingin the noz-
zle flow was released into the flow after the Fisher valve. The long
distance between the seeding release and nozzle exit minimized
possible bias. The number of measurement points in a crossflow
plane ranged from 490 to 520. The measurement grid spacing var-
ied, ranging from 2 mm near the center of the vortex to 8 mm away
from the vortex pairs. The nearest sampling point to the wall was
0.95 mm. The LDA signals were analyzed using three Dantec Burst
Spectrum Analyzers. On average, a total of 2000 bursts (instanta-
neous samples) were collected for each point. Results are presented
in terms of velocity contours, cross-plane vectors, and streamwise
vorticity. Natural cubic splines were used to obtain the derivativesof
U, V,W with respect to the measurement coordinates x, y, z. The
circulation level is given as

r=//szd1di
LD D

In calculating the circulation level the nondimensional vorticity
data with |Q2] <0.05 were ignored. This practice ensured that the
noise in the measured data would not mask the overall circulation.

C. Errors and Uncertainties

The errors and uncertainties were estimated for the measured
properties. The positional accuracy of the LDA traverse mechanism
was £0.01 mm. However, the uncertainties in determining x, y, 2
were estimated at =0.15 mm taking into account the gear backlash.
The LDA beam measurement volume had a cross-sectiondiameter
of 0.326 mm. The conclusion was made that the uncertaintiesin the
X, ¥,z measurements were £0.16 mm. Uncertainties in the pitch
and skew angles of the jet were £0.25 deg. The flow temperature
variation during a test run was =1.5°C. The tunnel speed was main-
tained to an accuracy of £0.05 m/s. Following the procedure given
by Moffat,'! the uncertainties in the velocity measurements were
estimated at £0.09, £0.31, and £0.09 m/s for the three velocity
components U, V, and W, respectively, at the freestream speed of
20 m/s.

For the turbulent stress measurements an estimation of the 95%
confidence interval was obtained following the procedures given by
Benedictand Gould.'? Typical values are uu, ww < +13%; v, uv,
Pw < £16%; and tw < £13%. As the number of samples variedin
the measurement, the estimation of the final uncertainties was diffi-
cult. The precedingnumbersrepresentedthe worst cases. In general,
around the center of the vortex and near the wall the uncertainties
were higher because of a lack of seeding. The smoothness of the
results suggested that the actual uncertainties were lower than the
numbers just quoted.

III. Results and Discussion
A. Flow Around the Nozzle Exit
In studying the development of the streamwise vortices and their
effectiveness, attention has been paid to the area around the nozzle
exit, where the spanwise moment of a skewed jet is converted to
streamwise vorticity. It is in the area immediately after the nozzle
exit that the turbulent stress productionis strongest.!® Principal flow
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Fig.2 Oil flows.

phenomena such as separation, entrainment, and turbulent mixing
in the wake of the jet all contribute toward the formation of the
final trailing vortex behind each nozzle. Some features of the flow
can be observed through surface flow visualization. In Fig. 2 oil
flows at . =0.5 and 1.5 are presented. (The A = 1.0 case is similar
to the A = 1.5 case.) The major features do not differ significantly
from those of a single jet.” The present arrangement of the nozzle,
though, does bring about specific features, as each streamwise vor-
tex is influenced by the adjacent counter-rotating vortex. In front of
the nozzle, the oil flow seems to reveal an area of flow separation,
pointing to the possible existence of a horseshoe vortex and roll-up
of the vortex around the exit. Caution, however, should be exercised
in interpreting this feature, as efforts to identify the detailed struc-
tures of the flow in this region are yet to confirm flow separation.
Two possibilitiesexist: 1) the separationis confined to a thin region
above the aerodynamic surface, and 2) there is an accumulation
of oil because of flow deceleration approaching the jet exit. This
anomaly merits further attentionin model tests and numerical mod-
eling attempts. The oil flow behind the nozzle also reveals a slight
difference between the flows at A = 0.5 and those at 1.0 and 1.5. At
A =0.5 the jet flow after the nozzle exit seems to turn away from
the skew direction into the flow direction, which is then followed
by flow entrainment. This effect, though still present, is rather small
at A =1.0 and 1.5. Instead we see a strong flow entrainment. The
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spanwise flow generated by the streamwise vortices follows down-
stream. The oil flow also indicates flow recirculationjust behind the
nozzle exit (with accumulation of oil).

As the oncoming turbulent boundary-layerflow is turned around
the nozzle, it experiences separation (Fig. 2). This effect is much
more pronouncedon the downwash side (see also later LDA results).
Farther downstream, the vortices created by the nozzle pair are seen
to move toward each other. At A =0.5 the precise feature is not
clear. This process ends aroundx = 20D when the relative spanwise
positions of the vortex experience only small movement.

Velocity measurement was conducted at a plane parallel to the
aerodynamicsurface at z = 0.25D. This area relates to the so-called
near field, where the vortex is being generated and the wake of the jet
is still a prominent feature of the flow. In the present study we have
noticed large variationsin the jet flow velocity immediately outside
the nozzle exit, which obviously will exert a substantial influence
on the characters of the vortex. The momentum flux rate of the jet is
determined by the nozzle flow and its interaction with the oncoming
boundary layer. We have therefore selected the jet velocity (mass
flow rate of the jet) as a varying parameter in the tests. In a tunnel
test this parameter can be easily controlled/regulated (see Sec. IL. A).
Provided that the nozzle geometry is known, the jet velocity ratio A
seems to be a better choice and can be used in a numerical model.
In Figs. 3-5 the velocity vectors, the total velocity, and turbulent
kinetic energy (TKE) contours are presented.

In front of the nozzle, the direction of the velocity vectors give
no evidence of flow separation at this height. The aforementioned
turning of the jet flow is clearly observed at this height as well. This
feature is strong at A =0.5 but also exists at A =1.0 and 1.5. The
spanwise velocity observed after the nozzle exit on the downwash
side points to strong flow entrainmentinduced by the jet and, farther
downstream, the induced velocity of the vortex. The existence of
flow separation immediately after the nozzle exit is not shown in
the velocity vectors at this height. However, measurements closer
to the surface do reveal regions of flow recirculation downstream
of the nozzle exit. A velocity survey at a height of z=0.125D
confirms some observationsmade earlier (not shown). First, the flow
approaching the nozzle decelerates. Flow separation, if it exists, is
confined to a thin region above the surface. Second, the flow after
the nozzle is characterized by recirculation and strong entrainment.
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Fig.3 Velocity vectors of the flow around the jet exit: z/D = 0.25.
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Fig. 4 Total velocity \/(Uz + V2 4+ W2)/Usx : contours of the flow
around the jet exit; z/D = 0.25.
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Fig. 5 TKE: contours of the flow around the jet exit; z/D = 0.25.

In the total velocity contours (Fig. 4) the low-speed region in front
of the jet corresponds to the flow deceleration and a high pressure.
The high-velocity region corresponds to the core of the skewed
jet. The highest total velocity in the core of the jet is always higher
that the mean jet velocity. The highest velocity contour corresponds
to /(U?+V2+W?) /U, =0.8atr =05,13atA=10and 1.7
at A = 1.5. This featureis associated with the fully developednozzle
flow and an acceleration of the jet flow in the core region. In the

area following the core of the jet, the flow velocity is rather small,
and large-scaleturbulence mixing, which is associated with the flow
separation, occurs.

B. Counter-Rotating Vortices

A clear understanding of the vortex development should con-
tribute to a better implementationof the device in terms of location.
Single-jet studies*” have shown that a primary streamwise vortex
will eventually be formed after each skewed nozzle, regardless of
the initial vorticity field in the vicinity of the nozzle exit. The vortex
developmentcould be divided into two stages: 1) a near field, where
the wake of the jet is still prominent, and 2) a far field, where the
dominant physicsis turbulentdissipationand diffusion. The present
flow retains principal features of the single-jet flow.

Two features characterizethis particularfluid flow: 1) the diamet-
rically opposed, spanwise moments of the jets and 2) the upwash
between the vortices. The directions of the initial spanwise mo-
ments of the jets ensure that the streamwise vortices move toward
each other in the initial stage of the vortex development, where
the effect of the jet/wake is still prominent. In between the vortex
pair, the counter-rotating vortices create the upwash region, which
is limited by the positionsof the vortices. Outside the upwashregion
the vortices generate downwash of the secondary vortex flow. The
downwash effect is favorable for flow control. The arrangement of
the jets therefore leads to a secondary vortex flowfield in the bound-
ary layer whereby the upwash is limited and downwash maintained.
The favorable effect, of course, depends on a proper separation be-
tween the vortex pairs in a practical application where an array of
jetsis used.

The streamwise movement of the vortices is shown in Figs. 6-8
with secondary velocity vectors at A =0.5,1.0, and 1.5. In
Figs. 9-11 the correspondingstreamwise velocity contours (viewed
from upstream) are given. In the measurements the clockwise-
rotating vortex (left-hand vortex viewed from upstream) of the vor-
tex pair is measured with finer sampling grid points than the right-
hand one. Therefore our discussion will concentrate on this vortex.
The secondary velocity vectors show clearly the counter-rotating
vortex pair, which is embedded inside the boundary layer. In the
case of L =1.5 flow, the vortices are located near the edge of the
boundary layer as they move downstream. Under all of the test con-
ditions, the center of the vortex moves gradually away from the wall,
and no sudden jump in position or meandering is observed (see also
later discussions). In the secondary velocity vectors one can also
observe the counter movement of the vortices caused by the initial
spanwise moments of the jets. At A =1.0 and 1.5 this movement
is large until x =20D when the relative positions of the vortices
experienceonly small variations. In between the vortices a symmet-
ric plane is established, and there exists a general upwash of the
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Fig. 6 Cross-plane velocity vectors at A =0.5.
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as well, which can be observed at up to x =20D. A high turbulent
Fig. 8 Cross-plane velocity vectors at A =1.5. mixing level is observed in the areas occupied by the concentric
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Fig.12 TKE contours at A =0.5.

contours, i.e., the wake of the jet. After x =20D the separate areas
of the concentric contours merge. At x =5D the level of TKE is
substantially higher than that at x =20D, which can be viewed as
the demarcation line between the near field and the far field of the
vortex development. The peak TKE level drops by as much as two
times from x =5 to 20D at A =0.5, three times at A = 1.0, and 4.5
timesat A =1.5.

In this study we have employed terms such as near field and far
field to describe the vortex evolution. In the near field the jet is
still exerting a significant influence, and in the far field the domi-
nant physics in the vortex developmentis the turbulent dissipation
and diffusion. An effective method in characterizing the vortex de-
velopment is to use the spanwise velocity distribution, as opposed
to the primary (streamwise) velocity or surface pressure. In Fig. 15
the spanwise distributions of the spanwise velocity are given for
the three test cases at a heightof z = 0.25D. The spanwise variation
of the spanwise velocityis associated with the strengthof the stream-
wise vortex. At A = 0.5 the effectof the vortex flow can still be seen at
x =30and 40D. The basic characteristics,though, remain the same
asthoseatx = 20D. Several featuresare worth noting here. First, the
spanwise velocity shows two peaks with oppositesigns,correspond-
ing to the two counter-rotatingvortices. Atx = 5 and 10D thereis ev-
idence of two small peaks of opposite signsin between the two large
ones (Fig. 15a). These two small peaks are associated with the in-
duced vorticities caused by the rolling up of the initial jet, which are

Fig. 14 TKE contours at A=1.5.

quickly engulfed by the primary vortex after each inclined jet. Sec-
ond, the spanwise velocity distributionsafter x = 20D are consistent
with two primary vortices. Up to x = 20D, there is a quick reduc-
tion of the peak spanwise velocity as the vortices move downstream.
After x =20D the streamwise variation of the spanwise velocity is
rather small, suggesting that the vortices have been established and
the main flow physics are now the turbulent dissipation and diffu-
sion. Third, a spanwise movementof the main vortex is indicated by
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Table1 Vortex development

A=0.5 A=1.0 A=15
x/D 5 10 20 5 10 20 30 40 5 10 20 30 40
Qe -0.280 —-0.113 -0.082 —-0.879 —0.463 —-0.205 —-0.116 —0.109 —-1.678 —0.994 —-0.461 —-0.316 —0.206
Ye/D 0.150 0.131 0.082 0.350 0.577 0.872 0.745 0.505 0.260 0.396 0.549 0.528 0.380
z¢/D 0.475 0.709 0.811 0.617 0.788 0.904 1.152 1.273 0.950 1.149 1.396 1.772 2.105
Qi —-0.465 —-0.213 -0.104 —-1.108 —0.594 -0.296 —-0.175 —-0.136 —-1.936 —-1.083 —-0.479 —-0.386 —0.251
Ym/D 0.235 0.249 0.460 0.450 0.839 1.143 1.143 1.143 0.442 0.442 0.624 0.786 0.624
Zm /D 0.250 0.376 0.398 0.539 0.555 0.733 0.748 1.150 0.850 1.082 1.115 1.628 2.316
r -0.177 -0.109 —-0.065 —-0.647 —-0.551 -0.390 —-0.313 -0.237 —-1353 —-0986 —-0.790 —-0.700 —0.583
0.2 flow. Before x = 20D the initial moment of the jet leads to the span-
: wise movement of the vortex. As discussed earlier, a mature vortex
= L is established at around x =20D, where the influence of the jet is
S or reduced. The vortices then begin to move apart in the spanwise
[ direction. This is reflected in the y. value listed in Table 1.
a) -0.2 . ! ! . L The peak vorticity at the center of the vortex decreases down-
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c) y/D

Fig.15 Spanwise velocity variationsatz = 0.25D: a) A=0.5,b) A=1.0,
and ¢) A=1.5. Symbols: | , x/D=5; A, x/D=10; V, x/D=20; >,
x/D =30; and <, x/D =40.

the movement of the peak spanwise velocity. Before x =20D the
vortices are seen to move toward each other. After x = 20D the vari-
ation in the spanwise location of the peak velocity is small and in the
opposite direction to that before x =20D. This feature confirms the
earlier observationof x = 20D as the demarcation line of the vortex
development, which is the same as that of a single-vortex flow.
The measured properties of the vortex are listed in Table 1, in-
cluding the position, the peak vorticity, and the circulation level.
The center of the vortex is defined in this study as the geometry
center of the concentric secondary flow streamlines. The location
of the peak vorticity coincides with the geometry center of the con-
centric vorticity contours of the main vortex. Both locations can
be defined for the flows in this study and are therefore used in the
discussion of the results. The peak vorticity appears beneath the
center of the vortex because of the presence of the wall (mirror
vortex)® and is always located to the upwash side. The location of
the vortex suggests that the primary vortex is indeed embedded in-
side the boundary layer. In the transverse direction the center of the
vortex z. moves away from the wall monotonically. In the case of
the A =1.5 flow, it moves to the edge of the otherwise flat-plate
boundary layer at x =40D. Compared to a single-jet flow at the
same test conditions, the center of the vortex moves farther away
from the wall. For example, at A =1.0, the center of the vortex
is located at z./D =1.273 at x =40D, compared to 1.079 for the
single-jet flow. At L =1.5 the center of the vortex is located at
z2./D =2.105atx =40D, comparedto 1.697 for the single-jet flow.
The presence of the counter-rotating counterpartin the vortex pair
obviously contributes to the difference. In the spanwise direction
the vortex does not move monotonically in one direction because
of the limiting presence of the other vortex. As observed in the oil
flow, the vortex moves initially in the skewed direction of the jet
nozzle. The rate of spanwise movement is slower than a single-jet

stream. The value of the peak vorticity 2. changes differently with
the three jet velocity ratios. At L = 0.5 and 1.0, 2. is higher than the
single-jet value. For example at x =20D, Q. is —0.082 compared
with —0.072 for the single-jet flow at A =0.5. At A =1.0, Q. is
—0.205 compared with —0.156 for the single-jetflow. The behavior
is different at A =1.5. The peak value is generally lower than that
of the single-jet flow. For example at x = 20D, Q. is —0.461 com-
pared with —0.612 for the single-jet flow. This feature shows the
importance of the relative positions of the vortices, hence nozzle
locations and orientation, and the need to optimize the geometry
setup for a practical application. The difference between the flows
atA=0.5and 1.0 to thatat A = 1.5 lies in the level of the interaction
between the diametrically opposed near-wall flow generated by the
counter-rotatingvortices. An ideal arrangement should ensure a full
developmentof the individual vortex and enhancementof the vortex
by its counter-rotatingcounterpart. At A = 1.5 and with the current
nozzle separation, the two primary vortices move quickly toward
each other. The merging of the two vortices occurs before the full
establishmentof the vortex.In Figs. 11 and 14, one can see that while
the wake of the jet is still prominent (at x =20D), the two vortices
are beginning to merge. As aresult, a strong fountain-upwasheffect
is present. The interaction of the diametrically opposed near-wall
flows creates a local high turbulent mixing region in between the
two vortices near the wall (Fig. 14), which is not present at A =0.5
(see Fig. 12). The local high turbulent mixing does not contribute
to the enhancement of the vortex.

IV. Conclusion

An experimental study was performed on counter-rotating
streamwise vortices generated by inclined jets in an otherwise flat-
plate turbulentboundary layer. Measurements were performed with
a three-component LDA system in a low-speed wind tunnel. The
effects of jet velocity and streamwise development of vortex were
investigated. The study helped to improve the currentunderstanding
of inclined jet in a crossflow. Specifically, we found the following:

1) Two counter-rotating primary vortices are produced by the
inclined jets that are embedded in the turbulent boundary layer.

2) The secondary flow in between the vortices is characterized
by an upwash region. The upwash is caused by the vortices and
the interaction between the diametrically opposed near-wall flows,
which leads to a fountain-upwash effect.

3) Flow separation and entrainment are observed behind the jet
exit.

4) The developmentof the streamwise vortex can be divided into
near field and far field, where the demarcationline is approximately
x =20D. In the near field the wake of the jet is still prominent.
In the far field turbulent dissipation and diffusion play important
roles.

5) The vortices move monotonically away from the wall as they
develop downstream. In the spanwise direction the vortices first
move toward each other before x =20D and then move away from
each other.
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6) Compared with the corresponding single-jet flow, the A =0.5
and 1.0 flows have higher peak vorticity,and the A = 1.5 has alower
peak vorticity at the center of the vortex.
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