
AIAA 2002-0147

1
American Institute of Aeronautics and Astronautics



2
American Institute of Aeronautics and Astronautics

SUPERSONIC LAMINAR FLOW CONTROL ON SWEPT WINGS USING DISTRIBUTED ROUGHNESS

William S. Saric* and Helen L. Reed*

Mechanical and Aerospace Engineering
Arizona State University
Tempe AZ 85287-6106

                                                
*Professor, Associate Fellow AIAA
Copyright © 2002 The American Institute of Aeronautics and
Astronautics Inc. All rights reserved.

ABSTRACT

The present work addresses a new technology
development that can lead to drag reduction on
supersonic aircraft by means of passive laminar flow
control (LFC). Recent developments in the
understanding of stability and transition in swept-wing
flows in low-disturbance environments have offered the
promise of controlling transition without the use of
complicated systems. The principal control problem
with highly swept wings concerns the crossflow
instability. It has been demonstrated in a series of low-
speed experiments that distributed roughness near the
attachment line can control the crossflow instability and
can laminarize a boundary layer, provided an induced
roughness wavelength is below a critical value. The
present work extends this idea to supersonic flow over
highly swept wings. The combined computational and
experimental work gives design criteria and
demonstrates LFC on airfoils swept beyond the
characteristic Mach angle i.e. subsonic leading edges.

INTRODUCTION

Transition to turbulence in crossflow-dominated, swept-
wing boundary layers has received considerable
attention over the past 15 years. The reason is the
obvious engineering benefit that would result from
enabling laminar flow over most of the wing. The
difficulty faced in confronting this problem has been the
strongly nonlinear nature of the crossflow instability.
Linear methods have provided almost no useful results
in predicting transition and therefore tremendous effort
has been given to understanding the nonlinear aspects of
the phenomenon. The basic review of swept wing
stability was given by Reed and Saric (1989) while
recent reviews of crossflow efforts have been given by
Arnal (1997), Bippes (1997, 1999), Crouch (1997),
Haynes and Reed (2000), Herbert (1997a, 1997b),
Kachanov (1996), Reibert and Saric (1997), Reshotko
(1997), and Saric et al. (1998a,b).

The net result of the previous efforts is a very complete
understanding of the primary crossflow instability,
including details of the nonlinear saturation of the
dominant stationary mode and the growth of harmonics.
An important consequence is that a means of transition
suppression has been developed by Saric et al. (1998b)
that exploits the nature of the nonlinearities.

Four basic instability mechanisms can contribute to
transition on a swept wing. Concave curvature can give
rise to Görtler instabilities (Saric 1994) but this can be
controlled by the appropriate profile design. Leading-
edge radius and sweep give rise to attachment-line
contamination and instability (Pfenninger 1977; Poll
1985) but can be controlled by keeping the leading-edge
radius below a critical value. Streamwise instabilities
related to the Tollmien-Schlichting mechanism typically
occur in the mid-chord region and transition can be
reasonably correlated (Reed et al. 1996). It is now well
known that using a favorable pressure gradient and
minimizing the extent of the pressure-recovery region
both contribute to the control of these instabilities. The
crossflow instability has been the primary Chimera
holding back LFC. Favorable pressure gradients used to
stabilize streamwise instabilities destabilize crossflow.
For years, it seemed as though the only solution to
crossflow control was surface suction. The perceived
complications with moving parts and additional
maintenance were always discouraging factors toward
laminarizing swept wings. This final hurdle may have
been overcome with passive nonlinear biasing of
stationary crossflow wave growth.

Receptivity and the primary crossflow instability

Detailed physical receptivity mechanisms for crossflow
have not been investigated experimentally. However,
Radeztsky et al. (1999) and Deyhle and Bippes (1996),
provide a parametric understanding of receptivity.
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The Deyhle and Bippes (1996) experiments established
that for low levels of freestream turbulence, the
transition process is dominated by stationary crossflow
waves, while at high disturbance levels, traveling waves
dominate because of the larger amplitude unsteady
initial conditions. These traveling waves have the
tendency to wash out the stationary structure. However,
the stationary modes may be the most important
practical case because of the low freestream turbulence
observed in flight situations.

Surface roughness is the other important crossflow
receptivity mechanism. Three configurations have been
investigated experimentally at Arizona State University
(ASU) in a low-disturbance freestream environment and
stationary-wave-dominated boundary layer. The model
is an NLF(2)-0415 airfoil swept 45º and features a
favorable pressure gradient back to 71% chord to
stabilize streamwise instabilities and destabilize
crossflow.. The configurations tested include distributed
random roughness and isolated static roughness
elements (Radeztsky et al. 1999), and spanwise-
periodic, static roughness arrays (Reibert et al. 1996).
For random, natural-surface roughness, dramatic
transition improvements were obtained by decreasing
the rms roughness level from 3.3 mm to 0.2 mm. For

chord Reynolds number 62.4 10cRe  ¹ , this roughness

decrease delayed transition from 45% to 65% chord.
The isolated roughness element studies established that
stationary crossflow features are generated by particular
3-D roughness elements at 1–3% chord near the first
neutral point of the crossflow instability – small 3-D
roughness placed further downstream and 2-D
roughness both have no effect. The most effective
spanwise scale for an isolated roughness element is
about one-fourth the most amplified stationary
crossflow wavelength.

The primary instability studies that employed spanwise-
periodic roughness arrays established a number of
crossflow-transition features. First, Reibert et al. (1996)
showed that primary stationary waves quickly become
subject to nonlinear evolution. Nonlinearities are
important early on because, although the stationary
disturbances are small, they transfer O(1) momentum
and produce a large integrated effect in the streamwise
direction.  This results in a severely distorted mean
flow. The distortion results in saturation of the primary
wave and growth of harmonics. Saturation appears well
before transition. The saturation amplitude appears to be

independent of the leading-edge roughness amplitude.
As the primary wavenumber disturbance saturates, a
rich spectrum of harmonics of the primary are
produced, but no subharmonics appear (i.e. harmonics
and subharmonics in wavenumber space). For the ASU
wing, the most unstable stationary crossflow
wavelength predicted by linear stability theory is 12 mm
– it is most convenient to reference this length as being
parallel to the leading edge. For 12-mm-wavelength
roughness arrays applied at the leading edge,
wavelengths of 12, 6, 4, and 3mm are observed but 24-
mm waves are not. For 36-mm-wavelength roughness
arrays, wavelengths of 36, 18, 12, 9, 7.2, 6, 5.1, and 4.5
mm are observed. A key feature of this is that any initial
disturbance with spectral wavelength content at or
greater than the most amplified wavelength will
produce strongly amplified waves. Roughness heights
from 8 to 48 µm corresponding to kRe =O(1) were

tested.

The primary instability region is now very well
understood and excellent agreement between the NPSE
(nonlinear parabolized stability equations) computations
of Reed et al. (1998) and Haynes and Reed (2000) and
the experiments of Reibert et al. (1996) and Saric et al.
(1998b) has been achieved. The quality of the
agreement suggests that all the features important for
the primary instability, including curvature and details
of the nonlinear effects, are adequately modeled and
other crossflow-dominated configurations can be
computed with some confidence.

The location at which the saturated vortices produced
by this instability break down and lead to turbulence is
not nearly as well documented. What is observed in
stationary-wave-dominated transition experiments is
that, at some point aft of where the vortices saturate,
breakdown to turbulence occurs very rapidly along a
jagged front. This behavior is particularly well-
illustrated in flow-visualization studies such as that by
Dagenhart &  Saric (1999). These studies suggest that
the final stage of transition occurs over a very short
streamwise distance and is the result of a secondary
instability initially described experimentally by Kohama
et al. (1991) and Kawakami et al. (1999) and
analytically/computationally by Malik et al. (1994,
1996, 1999) and Janke and Balakumar (2000). Recent
DNS work by Wasserman and Kloker (2002) and
experimental work by White and Saric (2002) has put
the secondary instability on firm ground.
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Passive control of crossflow instability

The nature of the crossflow nonlinearities suggested a
transition control strategy that was applied successfully
in the Saric et al. (1998a,b) experiments. When the
roughness spacing is changed to 18 mm, the 18, 9, 6,
4.5, 3.6, and 3-mm waves are observed. The
subharmonic at 36 mm is not excited and the most
unstable linear mode at 12 mm is not observed.

When the roughness spacing is changed to 8 mm, the 8
and 4 mm modes are observed and transition moves
back beyond 80% chord. Thus, transition is delayed
beyond that of the highly polished condition (0.2 µm)
and beyond the pressure minimum.  The 8 mm mode
grows early and then begins to decay around 30%
chord. By itself, the 8 mm mode does not lead to
transition. During the rapid growth of this mode, the
mean flow is changed and the 12 mm mode and higher
wavelengths are suppressed and do not lead to
transition. The details are in Saric et al. (1998b). All of
these experimental results were computed by Haynes
and Reed using NPSE and most recently in a DNS by
Wasserman and Kloker (2002).

This experiment shows that transition control is possible
using a passive roughness distribution near the
attachment line. Later, Saric et al. (2000) demonstrated
that 50 µm high roughness at a subcritical wavelength
could suppress the effects of random background
surface roughness in the range of 10 – 30 µm. In other
words, the passive control technique would work for a
standard aircraft finish.

Basic ideas  applied to supersonic LFC

The present work applies the distributed roughness
ideas to drag reduction on supersonic aircraft by means
of passive laminar flow control (LFC). The attendant
weight reduction from LFC will ameliorate the sonic-
boom problem. The principal causes of transition are
still operative at supersonic cruise Mach numbers and
their control is still a meaningful goal. The principal
control problem with highly swept wings concerns the
crossflow instability, which up to now was thought to be
controlled only by boundary-layer suction.

In low-disturbance environments such as flight or
special low-turbulence wind tunnels, the dominant
crossflow instability is a stationary co-rotating vortex
structure. Contrary to streamwise instabilities, this
instability is not sensitive to 2-D roughness or

freestream sound. Extensive tests with freestream sound
in the ASU experiments have verified this behavior. For
this reason, the more conventional blowdown
supersonic tunnels can be used for these tests and one
need not use a “quiet”  supersonic tunnel. Of course, if
one were to study streamwise instabilities or blunt-body
effects, one must use a quiet facility.

DESIGN OF SUPERSONIC LFC AIRFOILS

The initial part of the design procedure is to have an
accelerated flow that is nearly subcritical to streamwise
instabilities (Tollmien-Schlichting waves). When
considering natural or passive LFC under flight
Reynolds numbers of 50 million or so, it is injudicious
to work at the margins of this instability. The present
design philosophy is to eliminate streamwise
instabilities and concentrate on meanflow modifications
to reduce the growth of crossflow waves.

To implement distributed roughness for laminar flow
control, one recognizes that in the flight environment,
stationary crossflow is the dominant instability. One
first identifies the most unstable stationary crossflow
wavelength, critl  (again, it is easiest to reference this

length as being parallel to the leading edge). Linear
stability theory accurately predicts this critical
wavelength and the location at which it first becomes
unstable (neutral point). Then one studies stationary
crossflow of shorter, subcritical wavelengths, subl .

These are the waves we will force by roughness for
control. Therefore it is necessary that these waves grow
strongly earlier than the critical wave, but then decay
downstream after O(40%) chord. The observation is that
the Cp distribution can be so designed that waves of
about half the wavelength of the most unstable wave
will grow sufficiently and then decay, thus changing the
basic state and not allowing the most unstable wave to
take hold. One must be cautious in Cp design that the
stability N-factors do not become too large.

Therefore, an airfoil conducive to laminar flow control
by distributed roughness must feature uniformly
accelerated flow so that Tollmien-Schlichting waves are
stable. With wing sweep, this favorable pressure
gradient will be very unstable to crossflow. The
associated Cp distribution must allow shorter-
wavelength disturbances to grow sufficiently in the
leading-edge region to nonlinearly modify the basic
state and inhibit the growth of the longer-wavelength
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most-unstable disturbance. Thus transition will be
delayed.

Traveling crossflow waves are more unstable (larger
growth rate) than stationary crossflow waves according
to linear stability theory. However, everything is forced
at the shorter wavelength, subl , and these traveling-

wave growth rates are much lower and should not lead
to transition. Traveling crossflow is not an issue with
the distributed roughness. This has been confirmed in
the low-speed experiments of Gladden (2001).

To avoid disturbances propagating along the attachment
line and feeding into and tripping the boundary layer, it
is necessary to keep the attachment-line momentum-
thickness Reynolds number Req  below 100. Following

Pfenninger (1977) and Poll (1985), an approximate
relationship for Req  is given as

( )

1
2 2sin

0.404
1 cos
U r

Req e n
¥

æ öL
= ç ÷ç ÷+ Lè ø

(1)

where U¥  is the freestream speed, r is the nose radius

(perpendicular to the leading edge), L  is the leading-
edge sweep angle, n  is the kinematic viscosity, and e
is the ellipticity of an equivalent ellipse.

The control proposed is to be applied at the leading edge
within the first 2-5% chord. Radeztsky et al (1999)
showed that small roughness placed downstream has no
effect on the boundary layer and small roughness at the
leading edge dominates crossflow transition. Because
we are applying roughness for control, we have to pay
attention that the roughness is not high enough to locally
trip the boundary layer to turbulence. Here we are
guided by Braslow’s criterion that if the roughness
Reynolds number, kRe , is greater than 150, the flow is

tripped. Our proposed roughness is characterized by

kRe =O(1), well below the limit.

EXPERIMENTAL FACILITY

The ASU 0.2-meter Supersonic Wind Tunnel is a
former NASA-Ames facility that has undergone
extensive rehab. This is a blowdown-to-atmosphere
facility with nozzle blocks for Mach 2.4, 3.0. 3.5 and a
test section size of 0.20 m x 0.18 m. The reservoir
pressure is 500 psig and the tunnel can be started with a
settling chamber pressure of 25 psig (unit Reynolds
number 68.7 10 / ftRe¢= × , dynamic pressure q¥  = 1600

psf) and has been operated up to a settling chamber
pressure of 60 psig ( 616.3 10 / ftRe¢= × , q¥  = 3000 psf).

A 3-D traverse has been recently built for the tunnel so
detailed hotwire measurements can be done. Particle
filters, dryers, and screens have been added to improve
the flow quality. Besides the hotwire work, schlieren
and Infra-Red Thermography (IRT) are also available.
See URL http://wtsun.eas.asu.edu for details. Because
of the technical issues discussed above, the ASU tunnel
is suitable because the crossflow instability is
insensitive to freestream sound.

MODEL DESIGN

One goal of this work was to establish a validated
prediction and design-assessment capability in-house.
The computations consist of Euler solution FLO87
(courtesy of Professors Anthony Jameson and Juan
Alonso of Stanford), a boundary-layer solver, and an
industry-standard linear stability code (without
curvature). We perform iterative calculations among the
inviscid flow, boundary-layer flow, and stability
calculations to design airfoils that would be stable to
T-S and undergo crossflow-dominated transition and
have the proper characteristics that would permit
stabilization by subcritical wavelengths.

The goal is to develop LFC technology on a wing swept
past the Mach angle, that is, the flow perpendicular to
the leading edge is subsonic. The absence of a leading
edge shock not only reduces sonic boom, it minimizes
the flow disturbance environment since the shock is a
significant source of fluctuating vorticity.

The following describes the stability calculations that
influenced the design of a model with a “subsonic
leading edge”  for testing and theory/experiment
validation in the M 2.4 ASU 0.2 m Supersonic Tunnel.
A symmetric shape was developed in order to minimize
loads in the experiment. This symmetric model features
a 73ë leading-edge sweep, 12-inch mid-span,
streamwise chord, and t/c= 4%. See Figure 1. The
attachment line Reynolds number is O(40), well below
100. The favorable pressure gradient is shown in Cp

distribution of Figure 2.

Figures 3 through 6 show fraction of chord on the
horizontal axis and N-factor (integrated disturbance
growth rate as predicted by linear stability theory) on
the vertical axis. Each curve represents stationary
crossflow at a fixed spacing (parallel to the leading
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edge). In the legend at the right, all numbers are in units
of millimeters.

Figures 3 and 4 are for the designed 73º-sweep test
article at a chord Reynolds number of 8.7 million in the
ASU Mach-2.4 Supersonic Wind Tunnel. At 0º angle of
attack, Figure 3 shows the most unstable crossflow to
have a spacing (parallel to the leading edge) of about 4
mm and attain an N-factor at 50% chord of about 8. At
80% chord, N is approximately equal to 13.5 for the
most unstable crossflow. Control by roughness of
approximately 2.25-mm spacing (parallel to the leading
edge) at the leading edge is predicted. To enhance
crossflow further if need be, calculations were run for
the model pitched at 1º angle of attack. In this case the
lower surface would feature a steeper favorable gradient
and hence more crossflow growth. For the lower
surface, Figure 4 shows the most unstable crossflow to
have a spacing of about 3.5 mm and attain an N-factor
at 50% chord of about 11. At 80% chord, N is
approximately equal to 16.5 for the most unstable
crossflow. Control by roughness of approximately 2-
mm spacing is predicted.

Figures 5 and 6 are for the same designed 73º-sweep
test article at a chord Reynolds number of 16.3 million.
At 0º angle of attack, Figure 5 shows the most unstable
crossflow to have a spacing of about 3 mm and attain an
N-factor at 50% chord of about 12.5. At 80% chord, N
is approximately equal to 20 for the most unstable
crossflow. Control by roughness of approximately 1.7-
mm spacing is predicted. At 1º angle of attack and for
the lower surface, Figure 6 shows the most unstable
crossflow to have a spacing of about 2.5 mm and attain
an N-factor at 50% chord of about 17. At 80% chord, N
is approximately equal to 25 for the most unstable
crossflow. Control by roughness of approximately 1.2-
mm spacing at the leading edge is predicted.

It is to be noted that based on our low-speed experience
a broad band of wavelengths in the neighborhood of the
suggested control wavelengths will work equally well in
delaying transition.

EXPERIMENTAL RESULTS

At the present time, the experimental results are
confined to IRT. Tests were conducted with a FLIR
3000 camera that was mounted inside the tunnel in a
cavity just above the model. Thus, the camera was
directly exposed to the model and the flow without an
intermediate window. Schlieren images were taken

continuously during all tests to observe any untoward
shocks that may have occurred from the camera or
model supports. Models were run both cooled and
uncooled to obtain the different contrasts of transition
location.

Sharp cone

The IRT system was first used on a 7º sharp cone made
of Bakelite. In the case of an uncooled model, transition
occurred at 63.0 10xRe = ×  at M = 2.4 and was observed

by recording a sharp temperature decrease. This is
because the model temperature was above the adiabatic-
wall recovery temperature, WadT . When the model was

cooled with liquid nitrogen to a temperature below

WadT , transition occurred at 63.2 10xRe = ×  and was

denoted by a sharp increase in wall temperature. These
transition Reynolds numbers are not the best and
indicate that this tunnel has modest flow quality
regarding freestream sound. As mentioned earlier,
crossflow waves are not affected by sound as are T-S
waves. However, the purpose of the cone tests was to
calibrate the IRT system and the images one was
observing. This hot and cold testing technique was used
on all IRT tests in order to assure ourselves of proper
identification of transition.

Supersonic leading edge

A symmetric model with a 30º leading edge sweep and
17.8º trailing edge sweep was designed and fabricated
for transition testing. The mid-span, streamwise chord
Z D V� � � � � P P � >� � � � Ý@� D Q G � WK H � WK LF N Q H VV� UD WLR � Z D V� � � �

The flow was continuously accelerated and the pressure
minimum was at x/c = 90% in order to eliminate T-S
waves. At a chord Reynolds number, 610 10cRe = × ,

stability N-factors for the most amplified crossflow
wave ( critl = 2 mm) were of the order of 8. Even with

forced excitation with distributed roughness at critl = 2

mm, the boundary layer was always laminar. This is a
further indication that the tunnel is suitable for
crossflow stability work.

Subsonic leading edge

Figure 7 shows the IRT image of the 73° swept-wing
model that was tested at zero angle of attack, M = 2.4,

616.2 10cRe = × , and q¥  = 3000 psf. Flow is left to

right. The model is cooled and the mid-span,
streamwise chord is 300 mm [12´´]. The trailing edge
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sweep is 71.2º, the root chord is 339 mm [13.35Ý@� � D Q G

WK H � WLS � F K R UG � LV� � � � � P P � >� � � � � Ý@� � 7 K H � P R G H O� LV� I OX VK

mounted to the walls in order to prevent any shocks
ahead of the model. Based on stability calculations, 3
mm is the most unstable wavelength and 1.7 mm is a
candidate for control, although based on our low-speed
experience a broad band of wavelengths in the
neighborhood of this value will work equally well for
control.

The lines labeled 30%, 50% and 80% are constant chord
lines. These are ordinary pencil lines that show up with
the high-resolution IR camera.

Marker 2. A large roughness element approximately
120-µm high is located upstream of this streak. The
crossflow wave behind it is shown (it does not spread as
a turbulence wedge). This gives a reference for the
temperature increase expected from transition. Above
this roughness element is an array of 0.75 mm diameter,
6-µm high roughness elements at 3.0 mm spacing (the
most unstable wavelength, critl , parallel to the leading

edge) and below, an array of 0.5 mm diameter, 6-µm
high elements at 1.7 mm spacing (the control
wavelength, subl ).

Marker 3. Above this marker is the flow downstream of
the 3 mm spaced roughness. Based on the color of the
wake of the large roughness element, one may conclude
that the transition has occurred because we are at a
higher temperature than that of the expanded
undisturbed flow.

Marker 4. These lines are parallel to the freestream and
define the region of influence of the strip of 1.7 mm
spaced roughness elements placed near the leading edge
for stability control. Within these lines, one sees a lower
temperature extending slightly beyond the 30% chord
line. The strip of 1.7 mm roughness elements has indeed
delayed transition. Downstream of this region the
temperature increases. If the increase in temperature is
due to transition, this is occurring at a Rex greater than 4
million. We feel that this estimate is conservative since
with the large sweep angle the projected streamwise
wavenumber is similar to the roughness diameter. We
designed 0.4 mm diameter dots but they are actually
closer to 0.5 mm. This is exactly 1.7 mm projected
along 73º. In other words, the roughness elements used
are likely too large and there are probably some wake-
interference effects.

Figure 8 is an IRT image of the model at zero angle of
attack, M = 2.4, 610 10cRe = × , and q¥  = 1800 psf.

Flow is left to right. It was shown in lowspeed tests at
ASU that holes (or dimples) are as effective as
roughness (or bumps) in generating stationary crossflow
waves. In order to activate crossflow waves with a
smaller diameter roughness, 200 µm diameter holes
were drilled 12 µm deep near the leading edge. The hole
spacing was at 1.7 and 1.9 mm. in two sections over
half the span. Although not shown completely on this
photograph, the boundary layer is laminar back to 80%
chord in both cases.

Figure 9 is an IRT image of the same conditions as
Figure 8 except that 612 10cRe = ×  and transition is at

55% chord. The Rex for transition is different and the N-
factors are different so there appears to be some unit-
Reynolds-number effect. Nevertheless, the reduced
roughness size extends the region of laminar flow.

IRT is a tool useful for determining transition location
and for obtaining the spatial scales, and offers a strong
confirmation of LFC. We need, of course, the detailed
measurements to properly define the extent of the
laminar flow region.

CONCLUSIONS

We have demonstrated that a highly unstable boundary
layer in supersonic flow can be stabilized and a
significant length of laminar flow can be achieved. The
computational tools that accurately predict both the
most unstable wavelength and candidate roughness
spacings for control have been validated. Moreover,
these tools have been validated for LFC airfoil design.
Further work concentrates on optimization of roughness
diameter and spacing for LFC and extending the work
to higher Reynolds numbers.
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Figure 3. Stationary crossflow N-Factor vs x/c
calculations for 73º sweep at 0º angle of attack for M =
2.4, 68.7 10cRe = × , and wavelengths from 1.5 mm to

6.0 mm.
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Figure 4. Stationary crossflow N-Factor vs x/c
calculations for 73º sweep at 1º angle of attack for M =
2.4, 68.7 10cRe = × , and wavelengths from 1.0 mm to

6.0 mm
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Figure 5. Stationary crossflow N-Factor vs x/c
calculations for 73º sweep at 0º angle of attack for M =
2.4, 616.3 10cRe = × , and wavelengths from 1.1 mm to

6.0 mm.
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Figure 6.  Stationary crossflow N-Factor vs x/c
calculations for 73º sweep at 1º angle of attack for M =
2.4, 616.3 10cRe = × , and wavelengths from 1.0 mm to

6.0 mm

Figure 7. IR Thermography image of 73º sweep at
0º angle of attack for M = 2.4, 616.2 10cRe = × . Flow is

left to right. Control roughness in region 4 is 6 µm high,
500 µm diameter, with 1.7 mm spacing. Black region
denotes laminar flow.

Figure 8. IR Thermography image of 73º sweep at
0º angle of attack for M = 2.4, 610 10cRe = × . Flow is

left to right. Control roughness are drilled dimples 12
µm deep, 200 µm diameter, with 1.7 mm spacing and
1.9 mm spacing over half of the span. Black region
denotes laminar flow.

Figure 9. IR Thermography image of 73º sweep at
0º angle of attack for M = 2.4, 612 10cRe = × . Flow is

left to right. Control roughness are drilled dimples 12
µm deep, 200 µm diameter, with 1.7 mm spacing and
1.9 mm spacing over half of the span. Black region
denotes laminar flow.
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