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The evolution of co-rotating streamwise vortices in a canonical flat plate turbulent boundary layer
(thickness of the boundary layég og= 25 mm) is studied. The vortices are produced by an array of
inclined jets(diameterD = 14 mm) with the same orientatidiskew angle8 and pitch anglex of

45°), The focus of the investigation is on the immediate vicinity of the jet exit and downstream
locations up to 40 D. The Reynolds number based on the diameter of the jet nozzle ranges from
9700 to 29000, at various jet speed ratios. The main method of investigation is laser Doppler
anemometry. Both mean and statistic data are collected and analyzed. The streamwise vortices are
a product of complex fluid flow process, featuring horseshoe vortices in front of the nozzle exit,
recirculating flow to the lee side of the nozzle, contra-rotating vortices from the rolling up of vortex
sheet around the jet, strong and induced spanwise flow. Two types of streamwise vortices are
produced:(a) weak vortices at a jet speed rafioof 0.5 located close to the wall and featuring
diametrically opposed, secondary, near-wall flows in between the vortioestrong vortices at
higher jet speed ratio featuring significant spanwise movement. The vortices are accompanied by
high levels of turbulence, with distinct normal and shear stress distributions. Both turbulence
production and convection play important roles in defining the normal stress but only the turbulence
production is important in determining the shear stress.2@®3 American Institute of Physics.
[DOI: 10.1063/1.16246Q9

I. INTRODUCTION Of the various experimental studies, Sebiyal® exam-

The aim of this work is to examine the near field and thelN€d the widest range of flow parameters, including jet speed
evolution of discrete co-rotating vortices in a canonical flatatio. pitch angle, skew angle, and nozzle diameter. Surface
plate turbulent boundary layer. The vortices are a result oPréssure tappings and “oil-dot” flow visualization are used.
interaction between an array of inclined jets and the bound]he work is most useful for engineering design. What is not

ary layer. Apart from fundamental interests, practical app"_clear though are the precise physical features associated with
cations could be found in areas such as flow control. the observed surface pressure distributions. Compton and
The idea of producing discrete vortices using inc”nedJohnstoﬁ are the first to examine the vortex flow field gen-

jets pitched and skewed to freestream was first proposed Brated by vortex generator jets, using a five hole probe. The
Wallis nearly half a century agbfor the propose of stall work provides the first description of flow physics. However,
control on an aerofoil. The idea was not examined until 1985t is also worth noting that Compton and Johnston have con-
when Freestorfeconducted some preliminary measurementscentrated on the downstream far field locations rather than
of surface pressures induced by streamwise vortices. SindBe jet near field. The first survey position is locateck/dd
then, a number of wind tunnel studies have been performed 20 and the last one afD = 213, wherex is the streamwise

on different aspects of the flow. Among various workers,distance downstream of the center of nozzle exit. The down-
Johnston and Nisfiand Compton and Johnstboonducted ~ Stream range, in terms of the ratio between the distance and
detailed surface pressure and pressure probe surveys Wfickness of the oncoming boundary layer, extends between
single and multiple jet vortex generators, including the ef-x/6=9 and 97. The Selbgt al. measurements cover up to
fects of the skew angle and velocity ratio. Seityal® iden-  x/5=5. For this type of study it would be useful to examine
tified the effects of flow parameters on flow separation over dhe jet near fieldX/D=10), where the flow field still retains
ramp, using surface pressure tappings and oil flow visualizathe characters of the jet.

tion. McManuset al® investigated pulsed inclined jets and The characters of the discrete vortices are influenced by
found them effective in stall control. Zhahgroved that a a range of parameters such as skew angle, pitch angle, ve-
rectangular nozzle is able to produce a stronger vortex thanlacity ratio, size of nozzle, and nozzle orientation. In an ear-
circular nozzle with the same mass flow rate, using laselier work, we reported the development of single and contra-
Doppler anemometryLDA). It is generally recognized that rotating vortice$:® The contra-rotating vortices are able to
the main advantage of using inclined jets over conventionaproduce stronger vortices initially. If a pair of inclined jets
vanes is a lower and possibly zero drag penalty when notere used, there would be an upwash region between two
activated, and a potential for active control. main vortices, as against a downwash region produced by

1070-6631/2003/15(12)/3693/10/$20.00 3693 © 2003 American Institute of Physics

Downloaded 05 Mar 2010 to 152.78.62.127. Redistribution subject to AIP license or copyright; see http://pof.aip.org/pof/copyright.jsp



3694 Phys. Fluids, Vol. 15, No. 12, December 2003 Xin Zhang

z A X 3:
Vi [
o 2F
4/ ZZ o AZ @/ '
< y
- (] Q
4 4 @ @ = N N
L 75mmA—-‘ |
Uoo 1
FIG. 1. Schematic of co-rotating, inclined jets. |
Y
vortex generator vané$ The vortices will move away from u/U_

the wall relatively quickly, in comparison to a single vortex. (@) ®)
In the present work, we examine co-rotating vortices pro- g, 2. oncoming boundary layer atD=—7.14: () u and(b) u'u’.
duced by an array of inclined jets. One feature of the co-
rotating vortices is their supposed ability to stay closer to an
aerodynamic surface. This character could enable them to ) )
exercise more effective flow control. This type of flow was Réb varies from 9700 to 29 000. Res 3800. The value of
studied before, both in model teband through numerical R lies between that of Compton and Johnétrs00 and
modeling™! However, the model tests used pressure tappingSe/by et al> (9000. A total of nine nozzles are used in the
and a five hole pressure probe, which do not allow a detaileéeSts, with the measurements concentrated on the central
near field description and turbulence measurements. The§9ZZle. The nozzles are separated by a spanwise distance of
are important in providing physical insight and in establish-2-357 D. The pitch angley, and the skew angles, of the
ing a numerical model. The numerical modeling effort, I€tS _ares ll)zoth _flxed at 45°. The selection follow_s earlier
though producing good agreement with Compton anostud|es‘f' * Wh_|ch suggest that the angles are suitable for
Johnston in terms of overall circulation, does not reproduce ¥°rtéx production. _
number of important flow features, such as the horseshoe The jets are generated by a compressed air supply and
vortex and cross flow separation. It is therefore believed tha®r® regulated twice using a Fisher valve and the control valve
a fresh and in-depth look at the flow field is needed. This®n & LDA seed generator. The exit flow is calibrated twice
study will serve several purposes) to highlight important ~ USing & pressure probe, before and after each_ te§t. The. flow
physical features of the fluid flowb) to quantify the down-  Proves to be stable over a period of 60 min, Whlch is the time
stream evolution of the vortex, an@) to provide a well it takes to conduct a LDA survey of 500 positions. Measure-
validated database in aid of establishing analytical and nulnents are performed on horizontal planes above the nozzle
merical simulation methods. exit plane and on cross planes betweéb =5-40.
Athree-component DANTEC laser Doppler anemometer
with a 5 W Ar-ion laser generator is used in the study. The
system is operated in an off-axis backscatter mode. Details of
A baseline flow including a canonical flat-plate turbulentthe system can be found in Zhang and Colfih4 total of
boundary layer and inclined jets is selected in the sifidly.  around 500 positions are surveyed during each test, with
1). The jets have the same orientation. LDA is used as th&500—2500 samples collected for each position. Natural cu-
main measurement method. bic splines are used to obtain the derivativesi,of, w with
Southampton University's 3.5 m by 2.6 m low speedrespect to the measurement coordinateg, z It should be
wind tunnel is the test facility. The flat plate boundary layernoted that the coordinate system used in presenting the re-
is established over a 2.43 m by 2.6 m by 10 mm aluminunsults is a left-hand systertsee Fig. 1 This arrangement
flat plate placed 0.9 m above the tunnel floor. A trailing edgefollows the wind tunnel coordinate system. The flow outside
flap is employed to establish a zero pressure gradient boundhe jet is seeded using a water based seeding d¢Jiek!
ary layer. Tests are conducted at a freestream speed of 20 nifydrosonic 200D The seedings are not introduced in front
and the freestream turbulence level is 0.3%. Transition i®f the test model, which would affect accuracy of the mea-
fixed near the leading edge of the plate model. The jets arsurements. Rather, a venting system located behind the tun-
placed 1.07 m downstream of the transition position. Figurenel working section and in front of the fan rotor is used to
2 gives the profile of the boundary layendD = —7.14. The  duct the seedings into the tunnel through the tunnel refresh
fully developed boundary layer has a thickness &D vents.
=1.786, and a momentum thickness #/D =0.196. Three The uncertainties and 95% confidence interval in the
jet speed ratios), are used, consistent with earlier studies, atLDA data are estimated using procedures given by Mbffat
0.5, 1.0, and 1.5. The jet speed ratio is defined as the ratiand Benedict and Goulf,respectively. The uncertainties in
between the jet speed, , and freestream flow speed,. . thex, y, z position measurements at€d.16 mm. Uncertain-

II. DESCRIPTION OF STUDY
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jet is highlighted by the bright region which represents the
seeded core of the jet. At a distancexéb = 3, it assumes a
kidney shape as a result of the rolling up of the longitudinal
vortex filaments. The left-side vortex is now the dominant
one, which is enhanced by the induced spanwise flow due to
the skewed jet. It will continue downstream as this mecha-
nism remains. The right-hand vortex is the weaker one. It can
be surmised that, if the core of the jet is turbulent and the
skew angle of the jet is large, the right-hand vortex will
quickly be diffused, leaving a dominant left-hand vortex. It is
this vortex which is commonly referred to as the flow control
vortex. On the other hand, it can be expected that, if the
spanwise velocity component is small, the pair of vortices
will be able to persist downstream over a large distance.

FIG. 3. Laser light sheet visualization showing the formation of streamwiseB Jet field
vortices atA=1.0; Rg,=1940, x/D=3.0. The jet is seeded. View from -Jetnearhie

upstream. A number of physical features accompany the formation
of the vortices. These include horseshoe vortices, recirculat-
ing regions, induced spanwise flow, etc. The complex nature
tunnel speed is maintained to an accuracy-6t05 m/s. The of the near field -flovx_/ is illugtrated by. the surface streakline
uncertainties in the velocity measurements @1, +0.3,  Patterns shown in Fig. 4. Figure 4 gives two representative
and=0.1 m/s for the three velocity componentisy, w. The surface flow patterns, which are associated with two types of

959% confidence intervals for the turbulence stress terms ar¥0rtex production(see also section Sec. II)CThe surface
U, Ww<*+14%: 00, Uv, OW<*+17%: anduw<+14%. flow at A=1.5 is rather similar to the one at=1.0; it is
Finally it should be mentioned that in calculating the circu-therefore not included in Fig. 4. The major features are high-
lation level, the non-dimensional vorticity data wiffa|  lighted for thex=1.0 flow. These features are separated by
<0.02 are ignored. This practice ensures that the “noise” in‘cfitical points” such as saddle points and “critical lines”

the measured data will not mask the overall circulation. ~ Such as bifurcation lines.
We now inspect thea.=1.0 case. In front of the jet exit,

ties in the pitch and skew angles of the jet ar8.25°. The

IIl. RESULTS AND DISCUSSIONS f[here i_s a hqrseshoe vortc_ex forr_ned by the separated flow
B . immediately in front of the jet. This horseshoe vortex wraps
A. Initial vortex generation around the jet exit and extends downstream. It is heavily

When an inclined jet is introduced into a cross flow, skewed toward the jet exit direction. The horseshoe vortex is

streamwise vortices are formed, which evolve downstreamMarked by a bifurcation line and a saddle point, which sepa-
If the jet is not skewed, a pair of contra-rotating vortices will rate the oncoming flow from the horseshoe vortex. Behind
ensue. It is generally acknowledged that the initial phase ofhe jet exit, the cross flow around the jet separates on the lee
streamwise vortex formation could be modeled as an inviscigide of the exit. The two separation regions are indicated on
process. The first attempt at studying the vortex formatiorthe oil flow by the two pools of unevaporated oil residue.
process was due to Ch&hlooking at a circular jet exhaust- The skewed jet is seen to induce strong spanwise cross flow
ing normally from a flat plate into a uniform cross-stream.behind the jet exit. The main induced surface flow is sepa-
The jet surface is usually treated as a vortex sheet repréated from that due to the secondary flow from the other side
sented by a system of longitudinal and ring vortex filamentsby a bifurcation line, which extends downstream. It is clear
The longitudinal vortex filaments are due to the cross flowthat the induced spanwise surface flow due to the secondary
and the ring vortex filaments to the jet flow. The strength offlow from the skew side quickly disappears and the spanwise
the vortex sheet can be determined by the potential flownovement of the surface flow aftefD~10 is then domi-
theory.16 The interaction between the oncoming flow and thenated by the main streamwise vortex. The induced spanwise
vortex sheet leads to the rolling-up of the longitudinal vortexflow by the skewed jet and that by the main streamwise
filaments to form two large vortices in the jet direction. After vortex merges seamlessly downstream on the surface flow
the jet eventually bends toward the cross flow, the vorticestreakline patterns.
become the so-called streamwise vortices. For the A\=0.5 flow, the surface flow pattern reveals
If the jet carries a skewed angle in addition to a pitchedsome different features from that mt&1.0. There does not
angle, a spanwise velocity component is introduced. As @eem to be a horseshoe vortex in front of the jet exit. The
result, one of the vortices in the vortex pair is enhanced andpanwise movement of the surface flow behind the jet exit is
the other weakened. This process is best illustrated in Fig. 3ess pronounced than thatt 1.0, which is an indication of
Figure 3 is obtained by laser light sheet visualization at aveak streamwise vortices. In fact, the surface streaklines
lower Rg, than the actual model test Re@alues. It enables suggest that aftet/D~ 10 there is little discernible spanwise
the vortex formation process to be viewed clearly and in thenovement at this jet speed ratio. This is an interesting but
meantime retains the main physical features. The core of thenexpected featuresee additional discussions in Sec. )L C
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(h) Formation of a strong vortex; A = 1.0.

FIG. 4. Qil flow visualization. Flow from left to right.

A bifurcation line exists downstream of the jet exit, separat

ing the induced flows by two streamwise vortices. The recir

culating regions behind the jet exit still exist.

To further quantify the near wall flow around the jet exit,
a detailed survey was conducted D =0.125 above the
wall for the A=1.0 jet. Figure 5 gives the velocity vectors
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FIG. 5. Flow pattern near the jet exit at=1.0, z/D=0.125; (a) velocity
vectors,(b) sectional streamlines.

ately obvious that(a) there is a recirculating flow region
behind the jet on the horizontal plane afil the horseshoe
vortex as observed in the oil flowFig. 4) does not have a
large transverse extent. Behind the jet, the sectional stream-
lines features an asymptotic line which is located further
away in spanwise extent from the bifurcation line on the wall
(see Fig. 4 This feature suggests that the flow changes sig-
nificantly in the transverse direction immediately above the
wall. Above the asymptotic line in Fig.(B), we note the
presence of a strong cross flow. The strong near wall cross
flow helps to generate one of the streamwise vortices and
quickly establishes it as the dominant one.

Due to seeding problems, the measurements/Bx
=0.125 do not extend to the region occupied by the jet.
Many detailed near wall measurements are conducted at a
larger distance af/D = 0.25. Figure 6 confirms the existence
of strong spanwise flow at=1.0, which is induced by the
flow around the skewed jet. It should be considered as a
contributing factor in generating the dominant vortex. The
TKE contours in Fig. 7 are plotted at the same intervals for
the three cases. They reveal that a highly turbulent region
exists to the lee side of the jet exit, corresponding to the
separated flow regions. Although the jet still possesses a po-
tential core, high level turbulence stress is generated through
the jet and cross flow interaction, which marks the boundary
between the jet and the cross flow. This feature is much more
obvious at higher jet speed ratios.

C. Mean vortex flow

The evolution of the streamwise vortices is examined in

and sectional streamlines. It should be noted that the se@ series of measurements at various cross planes ranging
tional streamlines can be misleading as the measuremefrom x/D=5 to 40. Examples of the streamwise vortices and
plane does contain significant cross plane flow. They shoultheir movement are given in Figs. 8 and 9. The vortices at
therefore be viewed with caution. They do, however, reveah=1.0 have the same characters as those=gt.5 and are
some interesting features of the near wall flow. It is immedi-not included. A summary of the main parameters of the dis-
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FIG. 6. Velocity vectors above the jet exit atD=0.25; (a) A=0.5, (b)

A=1.0, and(c) A=1.5.

a single nozzle. For example, 1.0 andx/D =5, the cur-

The evolution of co-rotating vortices
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FIG. 8. Vortex development at=0.5; velocity vectors. Dashed line: edge
of boundary layer abg o9.

A=1.5 and x/D=5, the center of vortex is located at

(y./D=0.536, z,/D=0.973) for the co-rotating jets and

(y./D=0.252,z./D=1.154) for the single jet. The differ-
crete vortex is given in Table I. The vortices are seen tQence in the transverse movement though is not large.
move further in the spanwise direction than that produced by

rent arrangement gives the center of vortex location at

(y./D=0.538, z./D=0.704), while single jet measure-
ments give the center of vortex location at.(D = 0.244,
z./D=0.732). AtA=0.5 andx/D =5, the center of vortex is
located at y./D=0.158,z./D=0.599) for the co-rotating
jets and {./D=—0.039,z./D=0.462) for the single jet. At

1 L
Q4L
;. 0
-1+
(a) L L A=0.5
1 |-
[=]
ESh
-1F
(b) . A=1.0
1 .
Q40
; 0
1+
. A=1.5
(C) -2 -1 5

FIG. 7. TKE contours above the jet exit a’/D=0.25; (a) A=0.5, (b)

A=1.0, and(c) A\=1.5.
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TABLE |. Position and strength of vortex. Subscriptefers to the center of vortex amdthe maximum vorticity() is the normalized streamwise vorticity,

(owldy—dvlaz)DIU,, . I' is the circulation level, normalized hby..D.

A=0.5 A=1.0 A=1.5
x/D 5 10 20 5 10 20 30 40 5 10 20 30 40
Q, -0.300 -0.171 -0.071 -0.681 -0.361 —0.185 -0.140 -0.075 -1.404 -0.752 -0.377 -0.234 -0.156
y./D 0.158 0.241 0.002 0.538 0.765 1.392 1.606 1.668 0.536 0.867 1.490 1.930 2.300
z./D 0.599 0.621 0.870 0.704 0.808 1.014 1.221 1.389 0.973 1.100 1.300 1.490 1.640
Qn —-0.515 -0.213 -0.079 —-1.075 -0.547 -0.265 -0.200 -0.144 -1.610 -0.843 -0.480 -0.330 -0.224
Ym/D 0.357 0.446 0.092 0.660 0.982 1.487 1.750 1.982 0.661 0.987 1.487 1.987 2.528
z,/D 0.250 0.191 0.829 0.523 0.531 0.699 0.725 0.905 0.809 1.002 1.049 1.098 1.058
r —-0.154 -0.119 -0.029 -0.571 -0.461 -0.346 —0.296 —0.254 -0.813 -0.663 -0.573 -0.501 —0.450

It is immediately clear that there exist two types of vor- along a line between the center of vortex and the wall, at

tex: a strong vortex at higher jet speed rdtie=1.0 and 1.5

z/D=0.25. Results are given in Fig. 10. Two other velocity

and a weak vortex at=0.5. The strong vortex moves in components f,w) would give the same information about

both spanwisdy) and transversé€z) directions in a mono-

the flow. The particular feature to examine is the relative

tonic fashion. It moves away from the wall as it evolvespositions of the peak and trougldip) in the distribution
downstream. Measurements of the primary velocity in thewhich reflect the strength and position of the vortex and the
streamwise direction show that the boundary layer experijet. At A=1.0 and 1.5, the influence of the main vortex is

ences large changes. The weak vortexa0.5 induces rela-

clearly seen. Atx/D=10, the main vortex induces a peak

tive small changes to the primary velocity field, as illustratedand a dip in the primary velocity distributidiFigs. 1@b) and
by the contour of the edge of the boundary layer in Fig. 8.10(c)]. These move in the spanwise direction as the vortices
The vortices experience smaller movement in the spanwisevolve downstream. However, in the jet near field, an addi-

direction than those at=1.0 and 1.5 and are deeply embed-
ded inside the boundary layer. For both types of vortices,

surface flow visualization and velocity survey show no sign 0.8

of induced cross flow separation. Indeed it should be noted

that the type of streamwise vortex reported here is different 0.7

from those generated through separation off an edge on an ;

aerodynamic surfacE.The strength of the vortex is an order 2 06

of magnitude lower than that reported by Cutler and Brad- >

shaw. 0.5
A major difference between the results ¥+0.5 and

those atA=1.0 and 1.5 does lie in the induced secondary

flow between the adjacent co-rotating vortices distributed in

the spanwise direction. At=1.0 and 1.5, the near wall flow 0.9

beneath the center of vortex moves in the same direction in

the cross plane in the direction of the skew. This feature can 0.8

be seen clearly in Fig. 9. The cross plane flow is particularly ]

strong just beneath the center of vortex. Although turbulent % 0.7

diffusion increases the size and reduces the strength of the

vortices, the vortices do retain their distinct characters until 0.6

x/ID=40, which is the last survey station. At=0.5, the

secondary cross flow between the adjacent co-rotating vorti-
ces displays a different character. The secondary flows in-
duced by the adjacent vortices are diametrically opposite to 1
each other in the area between the vortices. This feature is
clearly seen in Fig. 8. It reflects the influence of the jet,

which in this case exerts a bigger impact on the induced 8
cross flow than that at higher jet speed ratios. Although a first
look at Fig. 8 shows the circulating flow due to the main
streamwise vortex, a concentration of secondary vorticity
does exist to the left of each main vortex. This feature ex-
plains the existence of the diametrically opposite secondary
flows between the adjacent vortices.

0.9

u/U

0.7

0.6

0.4~

x=40D

(a)

0.5b—

A=15

0.8

y/D

()

To highlight the difference between the two types of g 10, streamwise velocity a#/D=0.25; (8 A=0.5, (b) A\=1.0,

vortex distributions, we plot the primary velocity distribution and(c) A=1.5.
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tional peak in the primary velocity appears to the left of the xJD=5
dip. At \=1.0 andx/D =5, the dip is aty/D =1.02, the main o 2r
peak to the left ay/D=—0.09, and the additional peak to N .

the right of the dip ay/D=1.79. Atx/D =10, the dip moves
to the right aty/D=1.68. However the main peak stays at
the same position ag/D=—0.09. The relative difference 2t
between the main peak and the dip stays the same between
x/ID=5 and 10. There is no secondary peak to the right of )
the dip atx/D = 10, an indication of the diminishing effect of ol e R e RS
the jet. AtA=1.5 andx/D =5, the dip is aty/D=1.29, the L0 W
main peak to the left ag/D=0.37, and the additional peak W
to the right of the dip ay/D=1.79. Atx/D =10 the main N~ e N £
peak stays at the same position but becomes much broader. .
The dip is located ay/D=1.98. A rather small but discern- 0=
ible second peak is now gD =2.32.

At A=0.5, a dip in the primary velocity exists D FIG. 11. Vortex-development at=0.5; normal stresa’u’/U2. (&) Center
=0.49. The primary velocity rises to either side of the dip of vortex and(®) maximum vorticity.
position. To the right of the dip, there is a peak position at
y/D=—0.51. This type of distribution is typical of that due
to an inclined jet. Further downstreamxdD = 10, a dip still
exits aty/D=0.87. The peak to the left experiences little
movement. The relative difference in the primary velocity
between the dip and the peak on the right has reduced si
nificantly. Betweenx/D =10 and 20, there is only a small
change in the distribution. However, beyor(D =20 there

z/ID

z/D

- @ O .00
= . -

kidney shape and mark the high level concentration of the
normal stress. This feature is retaineckéd = 10. The effect

of the main vortex begins to manifest itself @D = 20. At

this streamwise location, the vortex brings a concentration of
ﬁlow u’u’ distribution to the near wall region just below the
center of vortex and there is a high level concentration to the

is little change in the induced primary distribution, both in upwash side of the vortex. At=1.5, the presence of the jet

position and level. The results also confirm the earlier obser® q—lfm? p_ron_oun_ced D=5 and 10(Fig. 12. High levels
vation of position using oil flow visualization. This is both of u’u” distribution could be found above the center of vor-

fex. At xID =5, the closed contour lines also have a kidney

interesting and unexpected as one would expect an arra . -
g P P y? ape, surrounded by closely packed contour lines. The in-

streamwise vortices to move in the spanwise direction, und
the influence of the wall. However, as we noted before this ™~ : .
particular arrangement enables the jet to produce diametrY—VhICh are hot fpund aftex/D =20. The main vor.tex' beglns
cally opposite secondary flows between the adjacent vortilo exert bigger influence on the normal stress distributions as
ces. The effect is to counter the effect of the wall. It seems
that a judicious use of the jets and vortex properties could
lead to deeply embedded co-rotating vortices in a turbulent
boundary layer, with an ability to retain induced velocity
strength over a large distance. The flow physics reported here
could be used to design effective jet vortex generators. One
advantage lies in the low jet speed ratii@low unity), which
would enable ram air to be used without the need of an
expensive air supply.

uence of the jet is also marked by the closed contour lines

z/D

2/D

D. Turbulence stresses

The evolution of vortex is influenced by the turbulence
stresses in the boundary layer. We now examine the normal
stressy’u’ and the primary shear stressy’w’. Figures 11
and 12 give examples of typicalu’ distributions and Figs.

13 and 14 the-u’w’ distributions. Again the.=1.0 results
are not shown as they are similar to the1.5 ones. The
center of vortex and the position of the maximum vorticity
are also added to the figures. The maximum vorticity occurs
below and to the upwastnight) side of the center of vortex,
which is a well-known feature for this type of flow.

Theu'u’ distributions show the influence of the jet and
high level normal stresses in the near field of the jet. At
x/D=5 and\=0.5 (Fig. 11), the influence of the jet is clear. FIG. 12. Vortex development at=1.5; normal stresa’u’/U2. (@) Center
Closed contour lines above the center of vortex assume @ vortex and(®) maximum vorticity.

z2/D

z/D

Downloaded 05 Mar 2010 to 152.78.62.127. Redistribution subject to AIP license or copyright; see http://pof.aip.org/pof/copyright.jsp



3700 Phys. Fluids, Vol. 15, No. 12, December 2003 Xin Zhang

x/D=5 3

z/D

z/D

z/D

FIG. 15. The turbulence productigs) and convectior{b) of normal stress

—_ u’u’ atx/D=5, \=1.5. Contour interval 0.0004. Dashed negative lines.
FIG. 13. Vortex development at=0.5; shear stressu’w’/UZ. (&) Center

of vortex and(®) maximum vorticity. Contour interval 0.0003. Dashed
negative lines.

lar to that due a single jet. The concentration is marked by
the vortices evolve downstream. The high level distributiondosed contour lines. The negative concentration is seen at all

at the center of vortex is gradually reduced; the distributiorf® SUrvey positions t@/D =40. The negative area is sepa-
becomes much smoother. AID=20. areas of highﬁ rated from a concentration of highu'w’ by the center of

distribution begin to appear on either side of the vortex clos&©"ex. The high level concentration of u'w’ is also
to the wall. The closed contour lines are not foundk&d marked by closed contour lines and reside above the center

=40. Based on the normal stress development, it seems thgf vortex. The negative distribution lies between the wall and

one could define/D = 20 as the distance where the stream-the center of vortex. However, it does not extend to the wall.

wise vortex becomes the dominant physical feature. Meaery close to the wall, the value of u'w’ is positive. It is

flow results reported in Secs. IlIB and 111 C have also Sug_clear that the primary shear stress experiences large variation

gested a distance betwerD =10 and 20. across the boundary layer. In fact if one were to draw a
For the primary shear stressu’w’, a distinct feature is vertical line across the boundary layer and pass the center of

the existence of a concentration of negative value beneaffPrtex, the value of-u’w’ would vary in a high—low-high—
the center of vortex at=1.5 (Fig. 14). This feature is simi- 10w _fashion. The absolute value of the lowest negative
—u'w’ is of the same order as the positive one; 0.0041 vs
0.0067 atx/D=5; 0.0024 vs 0.0038 a/D=10; 0.0016 vs
0.0020 atx/D =20. However, ak/D =40, the value is about
three times lower than the positive of@0006 vs 0.002R2

At A=0.5, there is still a region of negativeu’w’ below
the center of vortex at/D =5 (Fig. 13. This negative area
is not found atx/D=10. The influence of the jet is clearly
seen by the high level concentration-eu’w’ immediately
above the center of vortex atD=5 and 10. There are simi-
larities between tha=0.5 and 1.5 results.

To provide additional insight into the flow physics, we
examine the turbulence production and convection of the
stresses and concentrated on the normal steéss,and the
primary shear stress; u’w’. TheA=1.5 case is used as an
example as we believe the observation will apply to other
cases. The turbulence production of stresss given in the
Cartesian tensor notation asrixdv;/dxy— 7jdv;/dx, and
the convection term is given asd; /dx,.*% In calculating
these terms we assumed a “slender flow” and omitted the
contribution due to the streamwise flow variation. This is
believed to be reasonable based on the flow field observa-
tions, e.g., oil flow. The results for the normal stress are
given in Figs. 15 and 16. Figures 17 and 18 show the results
for the primary shear stress.

FIG. 14. Vortex development at=1.5; shear stressu’w’/U2. (&) Center The turbulence pI’OdUCtIOI’l oh’u” in the near field

of vortex and(®) maximum vorticity. Contour interval 0.0003. Dashed shows t_he qominance of the jetig. 15@)]. An area of high
negative lines. production is found above the center of vortex. The shape

z/D

z/D

z/D

z/D
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FIG. 16. The turbulence productide) and convectiorib) of normal stress  FIG. 18. The turbulence productide) and convectiorib) of primary shear
u’u’ atx/D=20,\=1.5. Contour interval 0.0002. Dashed negative lines. stress—u'w’ atx/D=20,\=1.5. Contour interval 0.0002. Dashed negative
lines.

and the location of this high production value suggest that it
is caused by the jet whose core is by now deformed into aear the center of vortex, which helps to smooth tha’
tilted kidney shape. The maximum value of turbulence pro-variation and reduces its value as the vortex evolves down-
duction in this area is 0.0078. The turbulence convection irstream. An area of high production now appears near the
the near field is characterized by distinct areas of activitywall and to the upwash side of the vortex. Turbulence con-
around the center of vorte)Fig. 15b)]. Located above the vection[Fig. 16b)] also features an area of positive value
center of vortex, there are two large areas of negative cornear the wall at roughly the same location. This helps to
vection, to either side of the center. The minimum value inexplain the high level normal stress concentration near the
these areas is about0.0025. It is clear that the turbulence wall shown in Fig. 12. The turbulence convection contours
convection will help to shape the area of the high turbulencenow indicate major activities between the center of vortex
production above the center of vortex and will eventuallyand the wall. There are still two positive areas of convection
reduce the area. Below the center of vortex, there are tweeparated by a negative area, similar to thos€é@t=5. The
areas of positive turbulence convection, separated by an ar@aaximum value in these positive areas is 0.00048. This
of negative convection. The maximum value in these posicompares with 0.000 78 found just below the center of vortex
tive convection areas is 0.0035, which is of the same order ifior the production term. The two areas of negative turbulence
magnitude as that of the negative turbulence convection ancbonvection found in the jet near field have now disappeared.
production above the center of vortex. For the primary shear stress, the dominant feature is the
At x/D=20 (Fig. 16, the turbulence production now local turbulence productiofFigs. 17a) and 1&a)]. At both
shows the predominant influence of the streamwise vortexhe jet near fielde.g.,x/D=5) and the far fielde.g.,x/D
Figure 1&a) indicates there is an area of negative production=20), the basic features of the turbulence production remain
the same. There is an area of negative turbulence production
characterized by closed contour lines which lie mainly below
the center of vortex. Unlike the primary shear stress distri-
bution where the center of vortex separates the negative and
positive areagFig. 14), the negative shear stress production
area also covers the center of vortex. On top of the negative
area there is an area of positive turbulence production also
characterized by closed contour lines. Beneath the negative
area, positive shear stress production is found near the wall.
At x/D =5, the maximum value of turbulence produc-
tion is 0.0112; the minimum value of turbulence production
is —0.027. These values are an order of magnitude larger
than those found in the turbulence convection of shear stress
- [Fig. 17b)]. The turbulence convection is characterized by
% ) 5 four distinct areas distributed around the center of vortex.
y/D (b) Above the center of vortex there are two negative areas.
FIG. 17. The turbulence productiga) and convectiorib) of primary shear Beneath the center of vortex there is one area of negative
stress—'w’ atx/D=5, \=1.5. Contour interval 0.0002. Dashed negative CONVection to the downwash side of the vortex and an area of
lines. positive convection on the upwash side of the vortex. The

z/D

z/D
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maximum value of turbulence convection is 0.0021 and theconcentrated between the wall and the center of vortex in the

minimum value is—0.0019. It is clear there is an order of far field.

magnitude difference between the values of production and The primary shear stress experiences large variations in

convection. the transverse direction and is characterized by two distinct
At x/D =20, the basic features of the turbulence produc-areas of positive stregabove the center of vortg¢and nega-

tion of the shear stress are retairfjédg. 18a)]. The maxi-  tive (or low) stress(below the center of vortex Unlike the

mum value of turbulence production in the area above th@ormal stress, turbulence convection only plays a secondary

center of vortex is now 0.0006; the minimum value of tur-role in defining the primary shear stress distribution. Turbu-

bulence production in the area below the center of vortex isence production is the main physical mechanism and re-

now —0.0027. These values are substantially lower thammains so in both the near and far fields.

those in the near field. Near the wall, the maximum value of
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