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Abstract

A single inverted delta tab attached to the trailing edge of a splitter plate in a two-stream mixing layer has been examined ex-
perimentally using a three-component laser—Doppler anemometer. Detailed mean flow and turbulence measurements were obtained
at a velocity ratio of 2:1 between the two co-flowing streams. The results showed that, when the tab was tilted to the high-speed side,
streamwise vortices generated and the subsequent mixing were stronger and more intense than when tilting it to the low-speed side.
Their differences in the streamwise vorticity generation mechanism were explained in relation to the tab theory proposed by Bohl
and Foss (Near exit plane effects caused by primary and primary-plus-secondary tabs, AIAA Journal 37(2) (1999) 192-201). The
strength of streamwise vorticity appeared to have a direct correlation with the level of turbulence generated in the cross-stream
directions. Attempts were also made to quantify the effect of each (streamwise vorticity) production term in the streamwise vorticity

transport equation. © 2001 Elsevier Science Inc. All rights reserved.

1. Introduction

In several previous studies on improving jet mixing char-
acteristics, tabs were found to be effective when they were
being attached to the exit plane of a jet; see for example, the
works of Samimy et al. (1993), Zaman et al. (1994), Zaman
(1995) and Reader and Samimy (1996) on a circular nozzle. All
these investigations have demonstrated clearly that the mass
entrainment and mixing characteristics are far superior for a
circular nozzle with tabs than for other nozzle geometries,
including rectangular and elliptic nozzles. The mixing en-
hancement by the tabs can be attributed to the formation of a
pair of contra-rotating vortices as the flow goes past the tab. A
relatively small tab (projected surface area in the flow direction
is about 3% of the total jet exit area) could generate streamwise
vortices with a maximum secondary flow strength of about
20% of the main flow.

Almost all the previous investigations on tabs are primarily
on their applications in jet flow. Thus, the present investigation
focuses on their effects in a two-stream mixing layer. The most
recent work published by Foss and Zaman (1999) focused
attention on the effects of tabs in a two-stream mixing layer
with laminar initial conditions. The present investigation aims
to advance further the understanding on the effect of tabs in a
two-stream flow situation with initial turbulent boundary
layers and, incidentally, to complement the latest work of Foss
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and Zaman (1999) by providing detailed turbulence charac-
teristics behind the tab.

Early research on tabs in jets by Bradbury and Khadem
(1975) had speculated that the indentation on the streamwise
velocity distribution around the jet axis was due to the pres-
ence of large scale traverse motions. This speculation was later
confirmed by the experiments of Zaman et al. (1994), who had
clearly shown that the tab produced a pair of contra-rotating
streamwise vortices. The sense of rotation of the vortex pair is
such that fluid from the centre of the tab base flows towards its
tip and is the opposite to that found in a vortex generator (i.e.,
when the tip is tilted upstream).

Foss pioneered the suggestion that there are two sources for
the streamwise vorticity behind the tab (see Bohl and Foss,
1999, for a summary). The first source (denoted as source 1)
originates from the adverse pressure gradients formed up-
stream of the tab. The fluid decelerates when it comes close to
the tab. A pair of contra-rotating vortices are formed as the
flow attempts to go around the tab into the downstream wake.
The mechanism can be described mathematically by the Na-
vier-Stokes equation applied at the wall near the tab base.

1o a(@)
p Oz =0 dy

(1)

y=0

The second source (denoted as source 2) is due largely to the
vorticity shed along the sides of the tab. It should be noted
that, if the approaching boundary layer upstream of the tab is
thick, an additional vortex pair rotating in the opposite sense
as the main pair is developed and is consistent with the
horseshoe vortex system (Reader and Samimy, 1996). The
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Notation

Re Reynolds number, U, Ay, /v

Niab projected tab height at 10 mm

Uy, U, mean velocities of the top and bottom
streams

U, reference mean velocity, (U; + U,)/2

U, u streamwise mean and the corresponding
rms velocities

v, v horizontal mean and the corresponding
rms velocities

w, w vertical mean and the corresponding rms
velocities

u'v, ww, vw  Reynolds shear stresses

U secondary mean velocity,
N2

X, 0,z streamwise, horizontal and vertical
directions

v kinematic viscosity

o displacement thickness (mm)

e momentum thickness (mm)

H boundary layer shape factor, 6*/©

Reg Reynolds number based on the
momentum thickness

Q. streamwise vorticity,=(0W /dy)— (0V /0z)

most optimal tab shape was investigated by Zaman et al.
(1994), who showed that the optimal shape of the tab should
be triangular and that it must be attached firmly to the jet exit
without a gap. A small gap of about half of the tab height can
significantly reduce the effectiveness in streamwise vorticity
generation. The maximum strength of streamwise vorticity
would be generated when the tab’s tip is tilted downstream at
about 45° (Foss and Zaman, 1999).

As clearly shown above, with the exception of Foss and
Zaman (1999), almost all the investigations concerning tabs
were in free or confined jets discharging to quiescent sur-
roundings. Hence, there is a lack of studies on the effects of
tabs in a two-stream mixing layer. This certainly motivates the
present investigation. The present work attempts to advance
the understanding on the effect of delta tabs downstream of
two flowing streams separated by a partition. The tabs con-
sidered are of triangular shape with their apex tilted down-
stream at +45° relative to the main flow direction and is
similar to the investigation of Foss and Zaman (1999). Table 1
shows the major parameters between the present investigation
and those of Foss and Zaman (1999). The turbulence charac-
teristics of the flow will also be examined in detail. The wind
tunnel and the initial conditions are described in the next
section and are followed by the instrumentation. The results
are presented and discussed in Section 3, and this paper ends
with a summary of the more important findings in Section 4.

2. Wind tunnel facility and instrumentation
2.1. Wind tunnel

The wind tunnel used to obtain velocity measurements in
the present investigation was an open loop induction-type one
with an axial fan situated on the downstream end of the test
section. The upstream contraction section had an area ratio
10:1, ensuring relatively low free-stream turbulence levels on
entry into the test section. A splitter plate having a thickness of
1.5 mm was installed inside the contraction section so that it

Table 1
Major experimental parameters in the present investigation and Foss
and Zaman (1999)

Foss and Zaman Present
(1999) investigation
Velocity ratio 2:1 2:1
Reo (upper/lower) 932/193 219/128
Tab height 12.7 mm 10 mm
Tab base 25.4 mm 10 mm

was divided equally into two halves with the same area of flow.
The essential features of the wind tunnel are shown schemat-
ically in Fig. 1(a). The plexi-glass test section was 200 mm
high, 200 mm wide and 500 mm long. The temperature of the
air inside the testing section was kept at 25°C during the course
of the experiment. Different velocity ratios between the upper
and lower streams were achieved by incorporating two layers
of fine wire meshes on the lower half of the contraction section.

The delta tab was cut from a single piece of sheet metal 1.5
mm thick. The entire piece was then attached immediately
behind the end of the splitter plate. Scotch tape (of thickness
0.039 mm, which gives a ratio of 0.00039 relative to the upper/
lower channels) was used to bridge any possible gap which
may have existed at the junction. The projected tab height was
used for the normalization of all the data presented here. The
co-ordinate system adopted in the present investigation is
shown in Fig. 1(b), in which the origin is at the center of the
tab base.

2.2. Laser—Doppler anemometer

A three-component fiber-optic laser—Doppler anemometer
manufactured by TSI with a 2 W argon air-cooled laser op-
erating in the backward scattered mode was used to measure
the respective velocity components. A focusing lens of 400 mm
in a two-dimensional probe provided a measuring probe vol-
ume of 0.09 mm x 0.09 mm x 1.31 mm in the vertical direc-
tion (x) and 0.085 mm x 0.085 mm x 1.24 mm in the
horizontal direction (y). Another one-dimensional probe pro-
vided a measuring probe volume of 0.09 mm x 0.09 mm x
1.31 mm in the lateral direction (z). The fiber-optic probes
were mounted on an automated three-dimensional traversing
system with an accuracy of +0.01 mm. The six laser beams
were then projected to the same point inside the test section for
measurements. Bragg shifting of frequency up to 2 MHz (on
each channel) was used for directional discrimination. The
Doppler signals were detected by photomultipliers and pro-
cessed by burst spectrum analyzers (IFA 750). Fine water
particles, of sizes within the range of 5-10 pm, generated by a
commercial vaporizer were used to seed the flow. Except at
some regions immediately behind the trailing edge, data rates
of 500-1000 Hz were normally obtainable. At each measuring
point, the mean velocities, the rms of the velocity fluctuations
and the Reynolds shear stresses were determined from popu-
lations of more than 5000 (on each channel) samples together
with a coincidence window of 10 ps.

A careful appraisal of the errors associated with the LDA
system was conducted. The sources of error mainly stemmed
from velocity biasing, velocity gradient broadening (Durst
et al., 1981), the accuracy of the signal processor, the finite
sampling size (Yanta and Smith, 1973) and multiple seeding in
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Fig. 1. Schematic of (a) the wind tunnel facilities; (b) the tab arrangement for cases 1 and 2 (all dimensions in mm); (c) pressure measurement

locations.

the control volumes (Driver and Hebbar, 1987). The accuracy
of the measured velocity components, U, ¥ and W (normal-
ized by the bulk mean velocity of the two streams, U;), could
be expected to be at about 2%, and that of the rms of the
velocity fluctuations, #',v" and w' (normalized by U,), was 5%.
The Reynolds shear stresses, «/v/, w’'w’ and v'w' (normalized by
U?), lay within the range of 10-20%.

2.3. Wall static pressure measurements

Wall static pressure was also measured upstream of the tab
base on either side of the splitter plate. It was measured via
tappings made of small stainless steel tubes (of 0.5 mm internal
diameter) drilled through the splitter plate. Fig. 1(c) shows the

location of the pressure measurements as well as the mea-
surement domain upstream of the tab base. As a result of flow
symmetry on either side of the tab, only the measurements in
the (—)z/hyp direction were obtained.

To minimize flow disturbances, only one point was mea-
sured at any one time. Measurements on the high-speed side
were obtained first and were followed by those on the low-
speed side. The differential pressure (with reference to atmo-
spheric pressure) was obtained by connecting the output from
the pressure tapping to the twin-wire resistance probe ma-
nometer designed and developed in-house by Liu (1991) via
silicon tubing. The probe had a resolution of +£0.01 mm water
level so that the error of the pressure coefficient obtained
(Eq. (2)) was estimated to be better than 2%.
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2.4. Initial conditions

The velocity profiles on either side of the partition mea-
sured at 10 tab heights upstream of the tab base had a thick-
ness of 9 mm (boundary layer defined at 0.99 U,.y), see
Figs. 2(a) and (b). The calculated boundary layer parameters
are shown in Table 2, where 6*, @, H and Reg are the dis-
placement thickness, momentum thickness, boundary layer
shape factor and Reynolds number based on the momentum
thickness, respectively. Both boundary layer parameters and
boundary layer profiles indicated that the boundary layers on
either side of the partition were turbulent. Streamwise turbu-
lence levels outside the boundary layer region had maximum
values of 1% (normalized by the mean velocity of the local
stream) and rose to about 15% close to the partition.

2.5. Experimental procedures

Velocity measurements were acquired at x/hy, =2, 4, 6, 10
and 20 respectively. Stations close to the trailing edge had a
20 x 20 measurement grid (with Az = 0.1Ay, and Ay = 0.17,),
while downstream values were obtained from a 40 x 40 grid
(with Az=0.1hy, and Ay =0.1hy,). Two experiments,
denoted as cases 1 and 2 in the subsequent text, were con-
ducted and are listed in Table 3.

3. Results and discussion
3.1. Mean quantities

The contours for the normalized streamwise mean velocity
and the calculated streamwise vorticity at x/hy, = 2.0 for a
single tab tilted at +45° are shown in Figs. 3(a) and (b), re-
spectively. When the tab is tilted to the higher-speed side, the
contours are deformed into a horseshoe shape immediately
behind the tab and a streamwise vortex is formed on either side
of the tab axis, as may have been expected (Fig. 3(a)). For the
case when the tab is tilted at —45°, the distribution of the
contours is less distorted and the tab merely acts as an at-
tachment surface for the higher-speed flow to penetrate into
the low-speed side (Fig. 3(b)). A pair of contra-rotating vor-
tices rotating in the same sense as that in Fig. 3(a) is also

formed, but the vortex cores are located more towards the tip
of the tab. There is almost a 100% difference between the
strength of the peak streamwise vorticity for both cases (with
the case shown in Fig. 3(a) being stronger). For the generation
of the streamwise vortices in Fig. 3(a), it can be attributed to
the combination of the two sources described earlier (Bohl and
Foss, 1999).

For the generation of streamwise vorticity shown in Fig.
3(b), it requires some explanation. In this case, the velocity on
the upper side is higher than that of the lower side, and hence,
the normal vorticity shed along the tab edge from the low-
speed side (i.e., source 2 mentioned above) will be generally
suppressed, as shown clearly in the contour plots. Close in-
spection of the contours plot in Fig. 3(b) indicates that there is
a small low-speed region surrounded by the higher-speed fluids
around the tip (indicated by an arrow in the figure). This re-
gion becomes the source favorable to the generation of the
streamwise vorticity (similar to source 2 but originating from
the low-speed side). This low-velocity region is in fact formed
by the retarded boundary layers when the fluid from the high-
speed side follows the inclined tab surface to the low-speed
side. When the boundary layers are retarded and eventually
have lower momentum than the flow on the low-speed side
near the region around the tip of the tab, the flow from the
low-speed side then wraps around the tab edge to generate the
streamwise vorticity. If we recall the net circulation results
behind the delta tab (of wider base than that of the present
investigation) in Fig. 8 of Foss and Zaman (1999), the strength
of the streamwise vorticity increases (negatively) sharply from
0° to reach a peak at around —45° to —90°. It can be postulated
from the present experimental observation that, when the tab
is tilted at angles slightly below 0°, the boundary layer on the
tab surface remains attached and hence generates negligible
streamwise vorticity. As the tab continues to tilt downward,
the boundary layer on the tab surface grows thicker, and the
momentum of the retarded boundary layer eventually becomes
lower than that of the lower-speed side. This actually provides
a favorable situation for the formation of streamwise vorticity
(from the low-speed side to the high-speed side).

Figs. 4(a) and (b) show the pressure measurements up-
stream of the tab for cases shown in Figs. 3(a) and (b). The
pressure coefficient,

Cp:[P(xvz)fpatm}/(l/szrz)v (2)
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Fig. 2. (a) Profiles of the normalized streamwise mean velocities (U/U;) at 10 hy, upstream of tab base; (b) comparison of the boundary layer

profiles with 1/7th power law.
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Table 2
Boundary layer parameters at 10 tab heights upstream of the tab base
Stream U 0" (2] H Reg
(m/s) (cm) (cm)
Top 10.0 0.52 0.391 1.33 269
Bottom 5.0 0.48 0.34 1.41 140
Table 3
Summary of the experiments undertaken
Case No. of tab Velocity ratio Description
(upper/lower)
1 Single tab 2:1 High-speed
(+45) flow on the
side of the tab
2 Single Tab 2:1 Low-speed
(—45) flow on the

side of the tab

is used to characterize these values. Fig. 4(a) shows the gradual
building up of the adverse pressure gradients at locations
closer to the tab. The expected pressure gradients in the tra-
verse direction (positive z) are also shown (source 1 of the
streamwise vorticity formation). Comparing to the C, distri-
bution of Fig. 4(b) when the tab is tilted to the low-speed side,
the built up of the adverse pressure gradients is not apparent
even at locations very close to the tab base. Favorable pressure
gradients are observed instead. This may explain why the flow
remains attached to the tab surface found in Fig. 3(b). This
further shows that source 1 for the streamwise vorticity for-
mation for this case would not be the dominant source. More
importantly, the comparison between these two cases high-
lights the fact that the generation of the streamwise vorticity by
the tab is stronger when it is placed on the high-speed side.
When the tab is placed on the high-speed side, both sources for
the streamwise vorticity generation are operative. When the
tab is placed on the low-speed side, only source 2 is operative.

3.2. Turbulence quantities

Fig. 5 shows contours of all six independent Reynolds
stresses, at x/hy,, = 2.0 for case 1. The streamwise component
of turbulence, /U, in Fig. 5(a), is qualitatively what one
would expect from flow passes over a triangular obstacle and
convection of pre-existing boundary layer turbulence by the
streamwise vortices from both sides of the partition. The
horseshoe shape of the contour distribution follows closely
that of the mean quantities in Fig. 4(a), and the region of the
highest magnitude appears above the tab, which coincides with
the steep velocity gradients (in both y and z directions around
the tab).

Figs. 5(b) and (c) show spectacular and symmetrical max-
ima at regions for the fluctuations in the vertical (v'/U;) and
lateral (w'/U,) directions near the vortex cores for case 1. It
should be noticed that the maxima do not reside exactly at the
same locations for both components. There is also a maximum
above the tab in both cases. There is no evidence that there is
large-scale lateral wandering of the streamwise vortices, which
would almost certainly lead to large «’-component fluctuations
in regions of large 0U/0z, and would also smear out the peaks
in v'- and w'-component fluctuations.

The contours of the normalized shear stress component u/'v/
shown in Fig. 5(d) are negative at the shear layer regions and
at region above the tab. Within the streamwise vortices, the

values are mainly positive, and their magnitude are lower than
those of the negative region by almost 50%. The contours of
u'w and v'w' in Figs. 5(e) and (f) show anti-symmetrical dis-
tribution about the tab axis within the vortex region, as may
have been expected. The qualitative explanation for the be-
havior of the three Reynolds shear stresses is that each tends to
transport momentum from high-velocity to low-velocity re-
gions, and the vortices tend to rotate fluid about the x-axis.
For example, in Fig. 5(d), the negative v/ region above the
tab, generated in the region of positive 0U /0y regions, when
rotated anti-clockwise, become the negative ’w’. Similarly, the
negative /v’ region above the tab, when rotated clockwise,
becomes the positive 'w. The streamwise mean vorticity plot
in Fig. 3(a) shows that the average is about 0.1U, m~! over a
large part of the vortex region, implying that the rate of ro-
tation is locally about one revolution per meter of streamwise
travel. Thus, rotation through angles of the order of 90° cer-
tainly occurs at the stations further downstream.

The production terms for the normal stresses in the Rey-
nolds stresses equations may be written as (see Bradshaw et al.,
1981, p. 28)

JEG] /N —] ou
AN T T /2
Gu"”) = 2(uw 5, U ay—i—u Gx)’ (3)
—or oV __or
ZANNE T 2 70y
G(v”) = Z(Lw—az+v —ay+uv ax), 4)
(G]/ Q——r] | gu—:) /4
2N\ 2 T I3/
Gw*) = Z(W —az+vw—ay+uw ax)' (5)

In analyzing the production of various fluctuation compo-
nents, we assume that 0U/Ox, 0V /0x and OW /Ox are small
relative to the other terms. This is almost true at stations very
close to the trailing edge. The signs of «/w’, ¥t/ and those of
0U/dy, 0U/0z (i.e., the first and second term in Eq. (3)) are
essentially the opposite at regions of high u-component fluc-
tuation, for example, above the tab. This implies that, as the
flow goes past the tab, the increase in the gradients of the shear
layer around the tip of the tab enhance the generation of
turbulence. However, no such effect is found in case 2. The
maximum #'-component fluctuation measured on this plane is
on average 50% higher in case 1 than in case 2.

The generation of the v’-component and w'-component
fluctuations provide some interesting observations. The peaks
of both v'-component and w'-component distribution appear
at regions within the streamwise vortices. This may not be too
surprising because the first term in Eq. (4) and the second term
in Eq. (5) indicate clearly that the generation of the two in-
tensities relate directly to the components of streamwise vor-
ticity (Q, = (0W/dy) — (0V /0z)). The signs of v/w’ are opposite
to the gradients, resulting in an overall positive contribution.
The observation shows clearly the effects of streamwise vor-
ticity in turbulence generation. As a result of the peaks in the
v'- and w'-component fluctuations, the diffusion terms, dv’/dy
and 0w’ /dz, should be decreasing slowly away from the vortex
cores indicating that diffusion effects are important at the
stations further downstream.

Based on the present measurements obtained on this plane,
the formation of streamwise vorticity enhances the production
of turbulence in the lateral and vertical directions. Although
dissipation may also be concentrated at around the same re-
gion, it appears that the dissipation does not balance with the
production, and hence, strong diffusion effects appears later-
ally and vertically. As shown by the measurements at the
planes further downstream, the high v'- and w'-component
fluctuations diffuse significantly from the vortex core regions to
the surroundings (case 1 in particular), and at the last station
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Fig. 3. Contours of normalized streamwise mean velocity (U/U;) and streamwise vorticity (Q,/4u.,/U;) for (a) case 1 at x/hg, = 2.0 and (b) case 2 at

x/hmb =2.0.

measured, the level of v and w' are almost uniform across the
shear layer.

3.3. Streamwise vorticity production at the wake

The streamwise mean vorticity transport equation may be
written as (Bradshaw et al., 1981, p. 229):

N U U o (v oW
DQX_Q,\'%_’_(QV ay+QZ a:>+8x< 0z oy )

D¢ Pl P2 P3

(ﬁ(b«z_wa)) (i_ﬁ>
0y0z 022 o2 PR 3

w Q.. 6
AT AT T @) 40y (6)

Apart from the viscous (sixth) term, the first five terms on
the right-hand side of the equations, denoted as Py, P>, P;, Py
and Ps, are essentially the production terms for the
streamwise vorticity. They can be broadly divided further
into two groups: P, and P, describe secondary flow pro-
duction of the first kind (pressure-driven), while P;, P, and
Ps; are concerned with secondary flow production of the
second kind (Reynolds stress-driven). The two sources of
streamwise vorticity as the flow goes past the tab have been
described in detail by Zaman et al. (1994) and Bohl and
Foss (1999). The focus of the present discussion will there-
fore be on the effects of each production term on the decay
(or growth) of streamwise vorticity with downstream dis-
tance. Due to space constraint, only the results in case 1 will
be presented here.
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Fig. 4. Contours of upstream pressure coefficient (C,) on the high-speed side of (a) case 1 and (b) case 2.

The first term on the right-hand side represents the vortex
stretching effect (P;) due to the streamwise mean flow accel-
eration. The effect of this term is difficult to quantify by ex-
amining the streamwise mean velocity distribution on a
particular cross-sectional plane alone. However, qualitatively,
the region which appears immediately behind the tab is ini-
tially occupied by low-momentum fluids as a result of the tab
blockage effect (cf. Fig. 3(a) for case 1). As the flow progresses
further downstream, this velocity defect region is rapidly filled
by the higher-momentum fluids from the surroundings as a
result of the streamwise vorticity generated. Hence, the U is
likely to increase in the streamwise direction, and this, in turn,
may provide a positive production to the streamwise vorticity
at the corresponding region. It should be noted that after
X/hwy = 6.0, the flow becomes more uniformly distributed in
both the y and z directions, i.e., the stretching effects should be
confined to the region immediately after the tab.

The contours for P, in Fig. 6(a) show that they have the
same sign as the streamwise vorticity on either side of the tab
axis. This shows that the normal vorticity shed along the edge
of the tab (when it is tilted downstream) contributes positively
to the production of the streamwise vorticity on either side of
the tab. This clearly shows the effects of the source 1 described
earlier by Bohl and Foss (1999). Contours for P; are shown in
Fig. 6(b). The plot shown here disregards the streamwise de-
rivative, 0/0x. The contour distribution is almost symmetrical
with respect to the tab axis at z = 0. The order of magnitude in
general is very low compared to that found in Fig. 6(a). It
should be mentioned that, although the signs of the highest
regions are in fact the opposite to those of streamwise vorticity
on either side of the tab axis, their overall contribution should
be considered together with the variation in the streamwise
direction. Subsequent examination of the variation of this term
with the downstream station at x/hy, = 4.0 suggests that the
variation in magnitude is very small but generally lower at
the downstream plane. It can therefore be concluded that the
contribution from this term is far less than P, but it is still
positive.

The anisotropy of the flow appears mainly within the shear
layer region, and the vertical (¢v') components are always
higher than the lateral (w') components. The gradients in both
y and z directions are always positive. This provides an overall
positive production to the streamwise vorticity by P, (Fig.
6(c)). It should be noticed that the peaks of P, do not coincide
exactly with the streamwise vortices, but the overall effect of
this term is still an anti-clockwise sense of rotation (Perkins,
1970). Subsequent examination of the secondary flow velocity
vector plots at the same region clearly shows that the direction
of the flow is in agreement with the speculation above. How-
ever, it should be mentioned that the order of magnitude of
this term is one order lower than that of P, so that its con-
tribution to the overall strength of streamwise vorticity is very
small.

The production term due the shear stress component v'w/,
Ps, is shown in Fig. 6(d). The distribution of the contours form
a mirror image with respect to the tab axis, and the positive
and negative regions appear alongside each other. The mag-
nitude of the contour level is only lower than that of P, but
higher than the other three. The locations of the positive and
negative regions are interesting when compared to the loca-
tions of streamwise vorticity in Fig. 3(a). The positive region
actually coincides with the core of the streamwise vorticity
contours, and the strength of the streamwise vorticity drops
gradually at the edge of the negative region. This comparison
highlights the important contribution of this term to the gen-
eration of streamwise vorticity. Considering only the region on
the right-hand side of the tab axis, the sign of the shear stress
v'w’ is mainly positive (Fig. 6(d)) within the streamwise vortex,
and it reduces in magnitude away from the vortex. The shear
stress gradients on the side near the tab axis are positive in
both y and z directions, causing an overall positive contribu-
tion, and the opposite is true for the side away from the tab
axis. It should be noticed that, since the streamwise vorticity
generated is much stronger than the suppressing effect of the
v'w gradients, the direction of the net flow is still in the anti-
clockwise sense.
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Fig. 5. Contours of the normalized (a) streamwise component of fluctuations («'/U;); (b) vertical component of fluctuations (v'/U;,); (c) lateral

component of fluctuations (w'/U,); and Reynolds shear stresses (d) (W/v//U?); (e) (w'w/U?); and (f) (W' /U?) for case 1 at x/hy, = 2.0.
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As discussed above, the magnitude of the production terms
is generally low except for P,. This term can be viewed as the
source 2 in the tab theory of Bohl and Foss (1999). In sum-
mary, the other production terms have some localized effects
on the flow field but they should not have any significant effect
on the overall trend of streamwise vorticity development.

4. Summary and concluding remarks

The effects of a single inverted delta tab in a two-stream
mixing flow situation have been investigated using a three-
component laser—-Doppler anemometer. The distortion in the
streamwise mean velocity flow fields and the generation of
the streamwise vorticity that resulted from the introduction of
the tab have been established via measurements of three mean
velocity components and six Reynolds stress components in
the present investigation. The results have clearly shown that
when the tab is tilted to the high-speed side, it enhances mixing

between the two streams better than when tilted on the side of
the low-speed flow. When the tab is placed on the high-speed
side, both sources (1 and 2, as defined by Bohl and Foss, 1999)
for streamwise vorticity generation are operative. When the
tab is placed on the low-speed side, only source 2 is operative.
Source 1 is related to the upstream adverse pressure gradients
indicated by Eq. (1), while source 2 is due to the shedding of
normal vorticity along the tab edge.

A high level of fluctuations in the lateral directions (' and
w') is found at regions around the vortex cores through the
combined (and positive) contribution of the streamwise vor-
ticity and Reynolds shear stress component v'w’. Of particular
note is that these high lateral fluctuation regions appear at a
similar location as the high dissipation regions in the tab ex-
periments conducted by Foss and Zaman (1999). This obser-
vation suggests that the production of turbulence in the lateral
directions is strongly associated with streamwise vorticity and
that the imbalance of production and dissipation leads to
significant diffusion in the stations further downstream.
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An analysis of the contribution of respective production
terms in the streamwise vorticity transport equation shows
that the anisotropy and Reynolds stresses generated in the flow
may have some local effects on the distribution and develop-
ment of streamwise vorticity. However, the dominant pro-
duction term appears to be the spanwise vorticity shed along
the edge of the tab, which also corresponds to source 2 men-
tioned above.
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