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backing sheet (in comparison with the reference configuration). Es-
timates based on transonic similarity rules16 show that the drag due
to the increased airfoil thickness is in the range of 0.5-1% of the
total drag depending on M^ and a. The drag due to the step on the
top and bottom surfaces, estimated using the correlation given by
Gaudet and Winter,17 is about 1 % of the total drag for the conditions
of the test. These corrections, if taken into account, would result in
skin-friction drag reduction better than the 6-12% indicated.

Figure 4 displays wake pitot profiles, with and without the riblet,
for two flow conditions (where Py is the pitot pressure in the wake).
The results show that a larger contribution to the drag reduction re-
sults from the airfoil upper surface with increase in adverse pressure
gradients.

Conclusions
Experiments have been made to assess viscous drag reduction

using 3M riblets on a supercritical airfoil at transonic speeds. The
airfoil angle of attack was varied between —0.5 to 1 deg. Results
show skin-friction drag reduction in the range of 6-12% for the
conditions of the test, which is higher than what has been observed
in zero pressure gradient flows. These results suggest increased ef-
fectiveness of riblets in adverse pressure gradients.
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Sensitivity of
Amplification-Factor

Transition Criterion for Flow
over Roughness Element
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L INEAR stability theory coupled with the empirical eN

method1'2 is a common approach that is widely used to predict
transition location in engineering applications. In this approach, the
integrated growth rate (W factor) calculated using linear stability
theory is correlated with the onset of laminar turbulent transition.
It was found1"4 that the location at which the value of N is in
the range from 9 to 11 correlates well with the transition onset lo-
cation in two-dimensional flows. The predictions of the approach
showed good agreement with transition experimental data obtained
in a low-disturbance environment such as quiet wind tunnels3 and
under flight conditions.4 In the case of flow over roughness ele-
ments, the predictions of the eN method agreed reasonably well
even with relatively noisy wind-tunnel transition data.5'6 Bushnell
and Reshotko7 pointed out that "at supersonic speeds, roughness is
such an overriding transition bypass that the research can be con-
ducted in conventional, noisy, tunnels."

The dependence of the predicted transition onset location on the
value of N can be quantified by considering the sensitivity of the
eN method. The sensitivity of the eN method is denoted by crN
and defined as the rate of change of correlated transition Reynolds
number (Rex)N with respect to N divided by the correlated transition
Reynolds number. Therefore,

aN = d(Rex)N

(Rex)N

where

Rex = O*K

(D

(2)

and U^ is the dimensional freestream stream wise velocity, v^ is the
dimensional freestream kinematic viscosity, and jc* is the dimen-
sional distance measured from the leading edge. The value (Rex)N
is the smallest Reynolds number value (sweeping over all frequen-
cies) at which the N factor reaches the value N. For example, in
incompressible flow over a smooth flat plate and using N = 9, the
value of aN is 0.168. This implies that the predicted value of (Rex)N
will vary by about ±1.6.8% if the correlating N factor was chosen
to be 10 or 8 instead of 9. In this work, we evaluate the sensitivity
&& for the case of flow over a roughness element that might cause
the flow to separate.

We consider a two-dimensional incompressible flow around a
single smooth two-dimensional hump on a flat plate. We consider a
two-parameter family of symmetric hump shapes given by

y = y*/L* = I (3)
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where

and

= 2(jc* - L*)A* = 2(jc - (4)

(5)

Here h* is the symmetric hump dimensional height, and A* is the
dimensional length of the hump with the center located at x* = L*.

The roughness element under consideration could produce a sepa-
ration bubble behind it. In such flows, both a strong viscous-inviscid
interaction and an upstream influence exist. The conventional
boundary-layer formulation fails to predict such flows; therefore,
we use the interacting boundary-layer (IBL) theory (see Nayfeh
et al.5) to analyze them.

Following the computation of the mean flow using the IBL theory,
linear quasiparallel stability analysis is performed on the resulting
velocity profiles. Only two-dimensional disturbances are consid-
ered because these are the most amplified in the incompressible
two-dimensional flow under consideration. The frequency of the
disturbance F is defined as

7*2 (6)

where /* is the dimensional frequency in cycles per second (Hz).
The frequency F remains fixed for the same physical wave as it is
convected downstream.

Variation of predicted transition Reynolds number with N = 8,9,
and 10 with the nondimensional height of the roughness h is shown
in Fig. 1. The nondimensional length of the roughness is A = 0.2
and the freestream Reynolds number based on the distance from
the leading edge to the center of the hump is Re = 0.8 x 106.
The filled circles indicate that the flow separates and reattaches,
and the hollow circles indicate that the flow remains attached. The
values of h considered extend between h = 0.0002 and 0.0042 in
steps of 0.0002. The predicted transition Reynolds numbers in Fig. 1
decrease gradually as h is increased, then they decrease sharply and
finally saturate to an almost constant value which is independent
even of the value of N used to correlate transition. The variation of
the sensitivity to the value of 9 with h for the results shown in Fig. 1
is shown in Fig. 2. It is clear from Fig. 2 that once the flow separates,
the sensitivity starts increasing considerably, reaches a maximum,
and then drops very sharply to a value slightly larger than zero. At
h = 0.0002 the sensitivity cr9 is 0.158. The maximum a9, 0.389,
is at h = 0.0028, and the minimum 09, 0.012, is at h = 0.0042.
This means that at h = 0.0028 the predicted value of (Rex)N will
vary by about ±38.9% if the correlating N factor was chosen to be
10 or 8 instead of 9. Similarly, at h = 0.0042, the predicted value
of (Rex)N will vary only by ± 1.2% if the correlating N factor was
chosen to be 10 or 8 instead of 9. The reason for the large sensitivity
between when the flow separates and until the transition location
saturates is that at the lowest height causing saturation all the strong
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Fig. 1 Variation of predicted transition Reynolds number with the
roughness height at A = 0.2 and Re - 0.8 X 106.

0.40 r

0.30

0.20

0.10

0.00 ' ' '
0.0000 0.0010 0.0020 0.0030 0.0040

h
Fig. 2 Variation of the sensitivity cr9 with h for the conditions of Fig. 1.
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Fig. 3 Variation of frequency predicted to cause transition with h for
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OAO -

0.30 -

0.20 -

OAO -

0.00
0.0000 0.0010 0.0020 0.0030 0.0040

h
Fig. 4 Variation of the sensitivity r9 with h for the conditions of Figs. 1
and 3.

growth in the separation bubble is used to just reach a desired AT
value. Reducing the height beyond that point requires additional
contribution from the small growth rates in the almost recovered
Blasius flow downstream of the roughness in order for N to reach
the desired value. This results in a large value of (Rex)N=\Q which
gets reflected in the sensitivity.

The variation of frequency predicted to cause transition in the
results of Fig. 1 with h is shown in Fig. 3. It is clear from comparing
Figs. 1 and 3 that as (Rex)N decreases, the frequency predicted
to cause transition increases. We can define the sensitivity of the
frequency to the value of N as

1 dF
(7)

The variation of tg with h for the results of Fig. 3 is shown in
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Fig. 4. It is clear from Fig. 4 that
trend of the variation of cr9.

follows a trend similar to the
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Introduction

LARGE-SCALE vortices have been studied extensively for
many years. The development of these vortices is viewed as

a key mechanism in the promotion of macroscale mixing that cre-
ates the environment in which microscale mixing can induce chem-
ical reactions. In the present study, a novel approach was utilized
to investigate the effect of vortex roll-up on entrainment, interface
length, and mixing. The unique interface-tracing technique devel-
oped and demonstrated in this investigation allows direct study of
the mixing and reaction along the interface. Entrainment of fluids
from both sides of the mixing layer was measured after locating the
interface boundary. Thus, the mixing and reaction enhancement can
be directly compared with the measured interface elongation for the
first time. This allows direct evaluation of the efficiency of mix-
ing enhancement by increasing the interface length through vortex
roll-up.

This Note will provide a brief description of the experimental
setup. (Details can be found in the original full length paper.1) Two-
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dimensional vortices are generated from a splitter plate that sepa-
rates two parallel streams of air, one high speed, one low, contained
within a 12.7-cm-square Plexiglas duct. The splitter plate divides the
duct into two equal areas. Dry air is used on both sides. A technique
known as reactive Mie scattering2 is used to visualize the vortical
flow. Air on the high-speed side of the splitter plate is passed over
a liquid TiCLt bath, collecting TiCl4 vapor. Air on the low-speed
side of the splitter plate is passed over a water bath, collecting water
vapor. The TiCl4 in the higher velocity airflow reacts with the moist
air on the low-velocity side of the flow, forming micron-sized TiO2
particles that follow the gas flow and distinctly mark the molec-
ular interface of the two airstreams. The velocity of the air on the
high-velocity (left) side of the flow was 0.94 m/s and that on the low-
velocity (right) side was 0.47 m/s. Vortex formation and shedding
are driven by acoustic stimulation of the low-speed flow, which can
be controlled with great consistency, which is essential for phase-
locked measurements. Some data were obtained in undriven shear
layers with additional measurements being made in identical flows
driven at 15, 20, and 25 Hz. The flowfield is recorded as a digi-
tal image on a portion of a 1024 x 1024 diode array. Typically, the
image size was 250 x 1024 pixels, with the 1024 pixels oriented par-
allel to the flow direction. The light source is the frequency-doubled
output (532 nm) of an Nd:YAG laser. The image is collected with
a charge-coupled device (CCD) camera and analyzed in its original
form.

Results and Discussions
Figure 1 shows, at six different phase angles, a two-dimensional

shear layer being driven at 20 Hz. These images were obtained by
increasing the delay time between the generation of the vortex and
the CCD camera exposure. The excellent repeatability of the driven
flow makes phase-locked measurements possible.

A computer algorithm was developed for tracing two lines of
constant intensity on the shear layer in the digitized images. These
constant-intensity contour lines are illustrated in Fig. 2. These two
lines mark interface surfaces for the fluid on the left and right sides of
the flow with the TiO2 product. The area between the two lines thus
represents the mixed region, or the region where the TiO2 product
resides. The phase-locking capability allows vortices to be followed
in a Lagrangian frame of reference because the flow is phase locked
with the CCD camera. Since individual vortices were singled out
in the flow, a method was needed for establishing a bounded region
within which to measure areas and interface lengths. The method
selected was to draw a box around the vortex with the top and bottom
edges of the box being located halfway between adjacent vortex
centers near the stagnation points. The sides of the box were drawn
tangent to the extreme edges of the vortex. The area and interface
lengths were then calculated with the computer algorithm developed
for that purpose. From these measurements, the entrainment and
resultant interface length were derived and studied parametrically
as a function of driving frequency.

0.0 ms 8.3ms 16.7ms 25.0ms 33.3ms 41.7ms

Fig. 1 Phase-locked images of a two-dimensional shear layer driven at
20 Hz.


