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Abstract

The fine scale mixing produced by a delta tab in a shear
layer has been studied experimentally. The tab was
placed at the trailing edge of a splitter plate which pro-
duced a turbulent two-stream mixing layer. The tab apex
tilted downstream and into the high speed stream. Hot~
wire measurements in the 3-D space behind the tab de-
tailed the three velocity components as well as the small
scale population distributions. These small scale eddies,
which represent the peak in the dissipation spectrum,
were identified and counted using the Peak-Valley-
Counting technique. It was found that the small scale
populations were greater in the shear region behind the
tab, with the greatest increase occurring where the shear
layer underwent a sharp turn. This location was near, but
not coincident with, the core of the streamwise vortex,
and away from the region exhibiting maximum turbu-
lence intensity. Moreover, the tab increased the most
probable frequency and strain rate of the small scales. It
made the small scales smaller and more energetic.

Introduction

Mixing enhancement has many technological benefits
including increased combustion efficiencies and noise
reduction. To achieve this via passive control is more
desirable than active control in most applications. Intel-
ligent and direct manipulation of the vortex dynamics
seems to be a very effective way to increase mixing. Ma-
nipulation of the azimuthal vorticity shed from a jet exit
can be achieved by using noncircular nozzle shapes. Ho
& Gutmark demonstrated greater than a 100% increase
in mass entrainment using a 2:1 elliptic instead of circu-
lar nozzle. The self-induction of azimuthal vortical
structures in a noncircular jet usually causes axis-
switching and thereby a more efficient engulfment of
ambient fluid."”®

Manipulation or production of streamwise vorticity
is another effective way to increase entrainment.*> In a
comparative study of the flow fields from various asym-
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metric nozzle geometries, Zaman® found greater entrain-
ments with geometries enhanced by tabs. A tab is a small
protrusion placed into the flow at the jet exit. It generates
a pair of counter-rotating streamwise vortices. The dom-
inant source of the streamwise vorticity generated by the
tab is an upstream "pressure hill" rather than the reori-
entation of the boundary layer.4 In the case where the tip
of the tab leans downstream and into the flow direction,
the sense of rotation of the vortex pair is to sweep flow
from the base toward the tip. This rotation is opposite to
that of the standard boundary layer ‘horseshoe’ vortex
pair. One must use the tab with an understanding of these
mechanisms, or else it might not only prove ineffective
but even detrimental in certain cases.

Thus far, the tab has demonstrated effectiveness in
large scale mixing or stirring, producing an overall in-
crease in entrainment. The large scale mixing, however,
is only the first step for most applications. In reacting
flows, for example, mixing at the small scales is essen-
tial to allow the molecules to combine effectively. In jet
engine applications, more efficient small scale mixing is
expected to reduce noise via elimination of "hot spots”
as well as by shifting the energy to higher frequency
bands. Thus, a knowledge of the effect of the tab on
small scale mixing is quite critical, and this provided
motivation for the present study.

Peak-Valley-Counting Technique

Until recently, technical limitations have precluded the
detailed study of the scale of the structure which dissi-
pates most of the energy. Improvements in measurement
and computer technology, however, have made these
scales the target of recent focus.5? In these works, the
Peak-Valley-Counting (PVC) technique was used to
identify small scale structures directly from the velocity
trace. Ho & Zohar' have demonstrated that the frequen-
cy identified by this technique corresponds to the peak in
the 3-D dissipation spectrum.

Application of the PVC technique requires suffi-
cient frequency response and spatial resolution of the
sensor, and sampling rates fast enough to describe the
scale of interest. This method constructs a pulse train
identifying the local peaks and valleys in the velocity



trace. These extrema are the signatures of the small scale
eddies. The method steps through five filtering sequenc-
es to distinguish between flow structure and noise. The
end result of this yields greater than 90% accuracy, as
determined by human eye.

Once such a pulse train has been established, sev-
eral diagnostics may be performed. Figure la depicts a
sample velocity trace and pulse train. Simply counting
the number of pulses indicates the number of small scale
structures, or population N, at a point. Since the pulse
train retains the temporal information, quantities involv-
ing the fine scale period are discernible. A histogram of
the inverse period yields a fairly sharp distribution cen-
tered around a ‘most probable frequency’. It is signifi-
cant to note that this peak frequency matches that of the
dissipation spectrum shown in figure 1c. This 1-D
pseudo-dissipation spectrum is defined as D(x;) =
2vii*Fii(k:)dx, where k; = 2rf/ U, f is the frequen-
cy, U is the mean velocity, and Fy; is the 1-D energy
spectrum. The most probable scale of the eddy detected
by the PVC code, then, shall be referred to as the "dissi-
pative eddy". Another analysis to be presented in this
study utilizes the amplitude in addition to the temporal
information. That is, via Taylor’s hypothesis, a measure
of the dissipative eddy strain rate, Au/Ax, is also
determined.

Using the PVC technique in a study of an initially
laminar, 2-D, two-stream mixing layer, Huang & Ho®
found that the dissipative eddies first appeared with the
first vortex merging location. Moreover, they were not
uniformly distributed in the span, but were concentrated
near the cores of the streamwise vortices. Furthermore, it
was found that while the total number of small scale
structures continuously increased downstream, their pro-
duction rate peaked at the second vortex merging
location.” It was conjectured that the increased strain
rate, which occurs with the interaction of the vortical
structures with each other (spanwise-spanwise or
spanwise-streamwise vorticity), generates the small
scale structures.

As stated before, a tab has been known to increase
overall spreading of a mixing layer. However, because
of the complexity of the three dimensional flow field, the
details of the large scale vorticity dynamics has re-
mained far from completely clear. On the other hand,
only a few previous studies attempted to address the ef-
fect of similar passive flow control devices on chemical
reaction and the issues of ‘mixedness’ and small scale
mixing.!®! Of note is the work of Zhang & Schneider,
which showed that an increase in overall jet spreading in
their study was accompanied by an increase in the prod-
uct formation. However, it is fair to say that the detailed
dynamics of the small scale flow structures, for the tech-

nologically important flow field under consideration,
has remained virtually unexplored. The PVC code pro-
vided an opportunity to explore these details, and this
has been the primary objective of the present study.

Experimental Facility and Procedure

The flow field chosen for the study was a two-stream
plane mixing layer. This was generated in a 51 cm x 76
cm low speed wind tunnel.'? The top speed of this open
return, subatmospheric wind tunnel is about 15 m/s and
the turbulence intensity is less than 0.1%. To generate a
two stream mixing layer for this experiment, the follow-
ing modification was made. A 33 cm chord symmetric
splitter plate spanned the tunnel at mid-height; its maxi-
mum thickness was 1.27 cm, and it tapered uniformly
down to 0.05 cm. This plate sat on a frame which also
housed two 16 mesh screens; the resulting velocity ratio
was nominally 2:1. Through detailed diagnostic experi-
ments conducted initially, a flap was placed at the lead-
ing edge to avoid laminar separation on the upper
surface.

The high speed velocity was fixed at U; = 9.32 m/s,
and the low speed velocity at U, = 4.55 m/s. The shear
velocity, AU = U,-U,, was used for data normalization.
The boundary layers at the plate trailing edge were nom-
inally turbulent, with no identifiable peak in the velocity
spectra. The boundary layer thicknesses at the trailing
edge were 1.22 cm and 0.71 cm for the high and low
speed sides, respectively. The shape factors were 1.5 and
2.0, and the momentum thickness Reynolds numbers
were Reg = 932 and 193, for the high and low speed
sides, respectively.

The delta tab was a triangular piece of 0.05 cm
thick metal shim, with a 90° angle at the apex. With the
base fixed to the splitter plate trailing edge, the apex tilt-
ed into the high speed side at 45° with respect to the free
stream direction. The base of the tab was 2.54 cm wide
and its height was 1.27 cm. Thus, the projected height
was 0.90 cm. The tab height and boundary layer thick-
ness were comparable. This was deemed sufficient to
produce the expected mixing layer distortion as ob-
served in previous studies. The characteristic length
scale for data normalization was chosen to be the tab
width, w. This choice was based on the finding that the
width of the tab is more crucial to the resulting flow field
than the height.*

A 3-D computer controlled traversing mechanism
was used to move the hot-wire probes. The coordinate
origin was at the trailing edge at midspan. The trailing
edge, the tab, the coordinate system and the data planes
are shown in figure 2. The probe was traversed in the
cross-stream (Y,Z) plane at several downstream loca-



tions, X = 0.5, 1.0, 2.0, 4.0, 8.5. The data taken in the
transverse direction, Y, extended into the potential flow
regions on either side of the shear layer. The spatial res-
olution varied along a profile, but reached a minimum of
AY = 0.1 in the shear region. The measurements in the
spanwise direction, Z, are as indicated in figure 2b. They
extended to Z = 2.0, where the tab had no effect within
the measurement volume, and included one point, Z =
—0.25, on the other side of the symmetry plane. The res-
olution was AZ = (.25 around the tab. For the no tab
case, measurements were taken at midspan.

The measurements were conducted using standard
hot-wire anemometry. The small scale data were taken
with a single straight wire; the secondary velocity and
streamwise vorticity measurements were carried out
with an X-wire. The single bot-wire (TSI 1260A-T1.5),
made of tungsten, had a diameter of 4 pm and a length of
1.25 mm. The sensor had a flat frequency response up to
30 kHz. Most of the PVC data were acquired with a sam-
pling rate of 20 kHz, fast enough to resolve the fine
scales. This sensor met the PVC resolution criteria. As
will be shown, the small scale structure length to sensor
length ratio was better than unity, 1.38, and the maxi-
mum most probable frequency was 4 kHz, well within
the response of the wire. The total sample time was 12.3
seconds. Stationarity of all parameters considered was
achieved after 9.2 seconds. Estimated errors in the mean
velocity are less than 1%.

For the secondary velocity and streamwise vortici-
ty measurements, the X-wire probe (TSI 1241-T1.5) was
used to sample the data first in the u-v and then in the
u-w orientation successively. The sampling rate was 500
Hz. The sensitivity of the X-wire to yaw angle was
tested. At a 20° angle, the measured streamwise velocity
overestimated the actual streamwise velocity by 1.8%.
The secondary velocity recorded a 4.4% increase at this
angle. The X-wires, then, were calibrated at zero yaw
and zero pitch (X,Z and X,Y planes) for both the u-v and
u-w configurations. The data were taken only where the
average flow angles were less than 20°, downstream of
X=1.0.

The streamwise vorticity measurements were also
conducted by a second method utilizing two X-wires si-
multaneously, with one in the u-v and the other in the
u-w orientation.’> While a yaw calibration was aban-
doned with this method, much finer grid resolution was
employed in the Z-direction as well as the application of
a gradient correction. Except for finer details, the ampli-
tudes and vortex core locations obtained by the two
methods agreed with each other. Except for the stream-
wise vorticity data, all measurements presented are from
the single X-wire data.

Results

Mean Flow Quantities

The mean streamwise velocity is defined from the di-
mensional velocity, U = (U'=Us,) / (Ur=Us), so that it
varied from zero (0) in the low speed freestream to unity
(1) in the high speed freestream. Mean velocity profiles,
U(Y), are presented in figure 3. These three profiles were
taken in the wake region at X = 0.5, both with the tab
(lines) and without (symbol). The profile with the tab at
Z = 2.0 is identical, within experimental error, to the no
tab profile. This was still essentially true at the most
downstream location, X = 8.5. Thus, the no tab profile
can be thought of as a profile at Z = e, which, for the
current measurement volume, is nearly identical to Z =
2.0. The profile at the tab apex, Z = 0.0, naturally shows
a much deeper wake behind the tab. This wake region
persisted to X = 2.5 at Z = 0.0, and to X = 1.0 for the no
tab case.

A more comprehensive picture of the effect of the
tab is obtained by looking at the data in cross-stream
(Y,Z) planes. Figure 4 shows mean velocity contour
plots, U(Y,Z), at four of the downstream locations. The
flow is into the page, keeping with the right hand rule.
The splitter plate trailing edge and the tab are depicted
with a dotted line for reference. At X = 1.0, the wake is
still evident behind the tab (dashed lines indicate nega-
tive values). Except for immediately behind the tab,
there is very little distortion to the flow field beyond Z =
1.0, and the upper freestream is disturbed less that the
lower freestream. Further downstream, however, the
mean velocity field becomes more and more distorted.
Beyond X = 2.0, the contours start to double back on
themselves at the base-edge of the tab. The significance
of this on the stability of the flow will be discussed later.

Additional insight is obtained from the mean sec-
ondary velocity maps. Figure 5 focuses on the plane at X
=2.0. In figure 5a, the vertical velocity, V, demonstrates
a strong upwash behind the tab, and a weaker downwash
at the side of the tab . The spanwise velocity, W, in figure
5b demonstrates outflow at the top of the tab and inflow
below the tab. These secondary flow patterns are con-
sistent with the flow field that would be induced by a
pair of counter-rotating streamwise vortices.

Using these data and the data grid, an estimate of
the mean streamwise vorticity was obtained from
Q. = (AW/AY —~ AV/AZ). Figure 6 shows these data. The
streamwise vortex core is clearly identifiable even at the
farthest measurement location. The strength is greatest
initially, and decreases downstream. Moreover, the
strength of the streamwise vorticity is nominally 50% of
the spanwise vorticity, as estimated from AU/AY.



Thus, the mean flow data demonstrate that the tab
sets up a pair of counter-rotating streamwise vortices
which force low speed fluid up into the high speed
stream at the centerline. The effect of this vortex pair on
turbulence quantities, including the small scale struc-
tures, is discussed next.

Turbulence Quantities

The small scale populations corresponding to the data of
figures 4 and 6 are shown in figure 7. The values pre-
sented are normalized by a fixed value at each X-
location: the maximum of the no tab survey, N(X,Y,Z), =
N X,Y,Z)/Nss_mar{X,Z=2). Numbers greater than one,
therefore, indicate the increase due to the effect of the
tab. These contours generally follow the contortions of
the mean velocity. Note that the N values peak in the
center of the mixing layer, where the spanwise vortex
core resides. Additionally, in the span, the N-distribution
exhibits an absolute peak near the base edge of the tab.
Here the population increased by 20% over the no tab
case. This peak is in close proximity to the streamwise
vortex core, but biased toward high speed side of the
shear layer. This observation is consistent with the ex-
pectation that it is the interaction between large scale
vortical structures that generates these small scale
structures.®’

The tab has additional effects on the small scale
structure. To illustrate this, data at two points in the X =
4.0 plane were examined in further detail. The locations
are marked with cross-hairs in figure 7c; one is at the
peak small scale population, Z= 0.75, the other is at the
maximum population away from the tab at Z = 2.0, es-
sentially the no tab case. Comparisons of the histograms
of the small scale frequency and strain rate are shown in
figures 8a and b, respectively. The peak frequency away
from the tab was 3125 Hz; at the base edge, it increased
to 4167 Hz. These numbers were confirmed by the 1-D
pseudo-dissipation spectra (data not shown for brevity).
The small scale strain rate, Au/Ax, likewise increased
from 400 to 500 s\ Thus, the tab not only generated
more small scales, but they were also made smaller and
stronger.

The PVC technique filters out all but the smallest
fluid mechanic scales. The fluctuating velocity (rms), on
the other hand, includes all scales. The contour map of u’
at X = 4.0 is shown in figure 9a. The shape of this map is
typical of all the X-planes, and, except for magnitude, is
nearly identical to the v’ and w’ contour maps. In all these
maps, the maximum rms value occurred at the peak of
the hairpin-like distortion, and not where N peaks.

The time-averaged Reynolds stresses v’ and u'w’,
also at X = 4.0, are presented in figures 9b and c,
respectively. As expected for a mixing layer, the u"'is
negative in the shear regions. The secondary stress u'w’

is also as expected, concentrated in the cores of the
streamwise vortices.'> The fact that the magnitude of
u'w' is of the same order as u'v' is striking. These data
reinforce the observation made earlier that the magni- -
tude of the two vortical components, Q- and €, are
nominally of the same order.

Focusing on the »'v' in figure 9b, it is clear that the
stress is most strongly negative at the peak of the
hairpin-like distortion, where the shear (AU/Ay) is
greatest. Also of interest is the nonnegligible positive
region coincident with the core of the streamwise vortex.
This positive region in not evident before X = 2.0, yet it
persists beyond X = 8.5; which indicates an evolutionary
dynamic. Both corresponding production terms,

~u'v'(dU/dy) and —u'w'(9U/dz), remain positive
everywhere. The transfer of energy is still from the mean
flow to the turbulence. For the u'v’ case, this can only be
true if the mean velocity profiles U(Y) also exhibit op-
posite gradients. This observation prompted a closer
examination of the mean velocity field.

Figure 10a shows two velocity profiles at X = 4.0;
one is at Z = 0.5, where the positive v’ peak occurs, and
the other is at Z = 2.0. Clearly, the tab has changed the
mean velocity profile in a substantial way. Instead of the
normal tanh-like profile of a 2-D mixing layer exhibited
at Z = 2.0, the tab has caused high speed fluid to add to
the lower half of the shear layer. This is due to the action
of the streamwise vorticity sweeping down the high
speed fluid. This profile now has two additional inflec-
tion points; each of which are potentially additional
sources of instability. It is interesting to note, in fact, that
for the U-profile at Z = 0.5, the rms-profiles peak at the
main inflection point, but the N-profile peaks at the
hump between the two new inflection points.

In an effort to gain further insight, a 2-D inviscid
linear stability analysis was performed on the two pro-
files shown in figure 10a. The code was modified from
one for an axisymmetric jet with coflow.' The jet radius
R was set to 20 m, and mode 0 was chosen. For the es-
sentially 2-D flow field at Z = 2.0, Rayleigh’s analysis is
valid. Near the tab, however, the flow field is highly
3-D. Caution, therefore, should be used in interpreting
the corresponding result. For the Z = 0.5 profile, two so-
lutions resulted, one each corresponding to the the two
inflection points having positive gradients. The negative- .
gradient inflection point was not found to be unstable.
The growth rates are compared in figure 10b. The main
inflection point at Z= 0.5 has nominally the same growth
rate as the one from Z = 2.0, but at a slightly higher
frequency. Of greater interest is the characteristic of the
second inflection point, not only is its maximum growth
rate higher than the other two, but it occurs at a higher
frequency as well. This suggests that in the span, as the



tab is approached, the instability frequency undergoes a
complicated transformation to one or more higher
frequencies. This shift in the large scale frequencies cor-
relates with the shift in the small scale frequencies
towards higher values, depicted in figure 8a. In a similar
vein, Zohar found that the most probable small scale
strain rate scaled with the large scale strain rate.” Under
the tab’s influence, both the large scale and the small
scale length scales are reduced. The additional inflection
point in the U(Y) profile can be viewed to play a signifi-
cant role in this process.

Concluding Remarks

The effects of the tab on the developing shear layer are
summarized in figure 11. The center of the shear layer is
indicated with the solid lines, and the peak concentra-
tions of the streamwise vorticity, small scale population
and rms velocity are also indicated. The streamwise vor-
ticity and small scale population concentrations are not
exactly aligned, but are close to each other. The small
scales are consistently concentrated on the high speed
side of the streamwise vortex core. This has been true in
other flows studied previously. Moreover, for this flow
field, the rms velocity does rot predict where the dissi-
pative eddies occur.

It is clear that the delta tab has proven effective in
enhancing the generation of the fine scale eddies. The
tab not only increased the small scale population locally,
but the eddies were made smaller with a corresponding
increase in the small scale strain rate.

We conclude by noting finally that the role of the
azimuthal vorticity in the small scale structure dynamics
of the present flow may also be quite significant. This
notion is reinforced by the fact that the small scale pop-
ulation maximum coincides with the location where the
azimuthal vorticity undergoes a sharp turn. The proxim-
ity of the streamwise vortex core to the region of dis-
torted azimuthal vorticity apparently produces the higher
strain rates, which lead to the higher small scale structure
activity.
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PEAK-VALLEY-COUNTING (PVC) TECHNIQUE
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Figure 1. The Peak-Valley-Counting Technique. (a) Velocity trace and pulse train, (b) corresponding PDF of fre-
quency (inverse period between pulses), (c) corresponding 1-D pseudo-dissipation spectrum.
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Figure 2. Trailing edge and delta tab schematic including data planes. (a) side view, (b) plan view.
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Figure 4. Velocity contours U(Y,Z) at X locations (a) 1.0, (b) 2.0, (c) 4.0, (d) 8.5. Dotted line is projection of trailing
edge and delta tab. Contour increments are 0.2 and start at 0.2.
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Figure 6. Streamwise vorticity contours .(Y,Z) at same X locations as in figure 4. Contour increment and starting
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Figure 8. Spanwise comparison of the tab effect of small scale structure characteristics at the cross-hair locations
depicted in figure 7c: —o—,Z=0.75; - A -, Z=2.0. (a) frequency PDF, (b) strain rate PDF.
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Figure 9. Turbulence characteristics at X = 4.0. (a) u'(Y,Z), contour increment is 0.04, start at 0.04; (b) u'v(Y,Z) and
(c) u'w'(Y,Z) contour increments are 0.004, start at -0.016.
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Figure 10. Comparison of tab effect on the mean velocity and its stability characteristics. (a) Mean velocity profiles
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Q. max); - - - -, N(contour level: 95% of Npsr); ———, ' (contour level: 90% of u'max)
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