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Nomenclature
c = chord length, m
cy = drag coefficient
C = lift coefficient
cp = pressure coefficient
Ma = Mach number
p = pressure, Pa
Re = Reynolds number
v = velocity, m/s
x,y,z = Cartesian body axes, m
o = angle of attack, deg
Subscripts
0 = stagnation
o0 = freestream

Introduction

HE European Aeronautics Vision for 2020' demands an am-

bitious 50% cut in CO, emission per passenger kilometer, that
is, a 50% cut in the fuel consumption for future transport aircraft
operating close to the speed of sound. The concept of flow lami-
narization, which promises considerable fuel savings, will lead to
lifting-surface-pressure distributions, which exhibit strong wing-
suction-side shock waves. However, even for turbulent-flow wings
the design and off-design properties, in particular the total drag,
are strongly affected by the development of the boundary layer
on the wing and its interaction with the wing-suction-side shock
wave. Shock control is expected to improve the flight performance
in terms of decreasing the total drag and hence the fuel consumption
as well as delaying the onset of loss of lift caused by boundary-layer
separation® or buffet.>* The wave drag increases with increasing
shock-wave strength. Additionally, the viscous drag increases as a
result of a thickening of the boundary layer. Moreover, a strong shock
wave can provoke the boundary layer to separate, which can lead to
buffet. Thus, shock control also means boundary-layer control and
is assumed to have a large potential for meeting the environmental
goal of the European Aeronautics Vision for 2020.
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Several shock control concepts have been investigated in the past.’
Indirect methods, for example, flaps or trailing edge devices, may
adjust the pressure distribution such that for a given lift the shock
strength is minimized.** Direct methods attempt to affect the shock
wave where it occurs.

Two-dimensional approaches, denoting concepts that are applied
homogeneously in spanwise direction, were investigated in two
European projects, namely, EUROSHOCK I and I1.>* Several types
of passive and/or active shock and boundary-layer control concepts
were assessed. It was shown that the most effective device is a well-
placed adaptive, variable-height contour bump. Numerical simu-
lations for a laminar-type airfoil predicted drag reductions up to
23%. Based on this type of device, implementation studies for an
Airbus A340 Hybrid Laminar Flow (HLF) wing assumed an aver-
age aircraft total-drag reduction for a typical North Atlantic flight
mission of 3% (Ref. 7). For a typical Airbus A340-type aircraft
wing of existing turbulent-flow design, maximum drag reduction
at off-design conditions were found to be about 5% (Ref. 8). In
both cases cash-operating-cost (COC) reductions were determined
to be ACOC = —1.3% for the HLF wing and ACOC = —0.4% for
the turbulent-flow wing, respectively. For the turbulent-flow wing,
higher gains are expected to be achieved at off-design flight con-
ditions, which are generally unavoidable.* However, the weight
penalty of about 0.2 to 0.5 tons and an increase of the maintenance
costs of approximately 0.5% as a result of the installation of such a
complex adaptive device decrease the potential benefit in the COC
to about 0.1%.

A major disadvantage of the two-dimensional approaches is the
fact that the devices need to be placed and dimensioned very accu-
rately according to the flow conditions. Thus, in order to gain benefits
in real applications these concepts must be implemented as heavy
and maintenance-intensive adaptive devices. More recent three-
dimensional methods such as streamwise slots and grooves,? three-
dimensional bumps,’ spikes,'® or vortex generators® show promise
to overcome these problems by acting quasi-auto-adaptively. One
recently proposed'! passive shock control concept for drag reduc-
tion on swept wings called D-Strips is presented here.

The objectives of the present Note are to introduce the operating
principle of D-Strips and to summarize results of a first experimental
proof of concept of this passive shock control technique. A wind-
tunnel test with tripped boundary-layer transition was conducted
at transonic airspeeds using the airfoil VC-Opt,® which has 9.2%
relative thickness. The flow around the clean airfoil is compared
to data obtained with several D-strip modifications applied to the
same airfoil. Schlieren pictures indicate that the operating principle
of D-Strips indeed works. Wake measurements demonstrate a drag
rise in the wake of the D-Strips but also a beneficial drag reduc-
tion in spanwise direction next to the D-Strips at supercritical flow
conditions. Further investigations have to be performed in order to
quantify the potential benefit for transport aircraft. However, be-
cause of its operating principle an application of a small number of
D-Strips to a swept wing promises considerable improvements in
transport aircraft performance.

Operating Principle
In the classical interaction'? of a shock wave of moderate strength
with a boundary layer, the boundary layer starts thickening upstream
of the position of the shock wave. This thickening of the boundary
layer in the shock foot region leads to a ramp effect for the outer
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Fig. 1 Operating principle of D-Strips.

supersonic flow and provokes a formation of compression waves
(compare Fig. 1 detail). The resulting small triangular region of still
supersonic flow is terminated by a normal shock. The compression
waves and this trailing shock meet above the airfoil to form a sin-
gle strong shock. Along streamlines passing through the triangular
region, the pressure gradients and the entropy production are lower
than along streamlines passing through the single shock. Thus, in-
creasing the extent of this triangular region provides two benefits:
First, the entropy production across the height of the triangle is
lower than above, and thus the wave drag is lower than without
the interaction. Second, the streamwise pressure gradients, which
are imposed on the boundary layer, decrease. This avoids a rapid
and strong thickening of the boundary layer and the associated in-
crease in viscous drag. Furthermore, the decrease in the streamwise
pressure gradient can lower the risk of boundary-layer separation.

The moderate thickening of the boundary layer upstream of the
shock wave is caused by the subsonic region in the boundary layer,
which extends from the nonslip wall to the wall distance where
the local velocity is equal to the speed of sound. The first basic
idea of D-Strips is to introduce additional nonslip surfaces above
the airfoil in order to increase the height of the subsonic region
of the boundary layer. Thus, the high-pressure information can be
passed from downstream of the shock wave further upstream than
on the clean configuration. Therefore, the streamwise and the wall-
normal extent of the triangle is increased. However, the viscous
drag will probably increase close to the D-Strips. The second ba-
sic idea of D-Strips is based on the fact that typical local super-
sonic Mach numbers for transport aircraft wings are less than 1.4.
Hence, the pressure information in front of the shock wave is dis-
tributed in wide-splayed characteristics. Therefore, an arrangement
of D-Strips as shown in Fig. 1 promises a local increase of the vis-
cous drag but a more global decrease of the total drag in spanwise
direction. On a swept wing where 90-deg arcsin 1/Ma is close to the
sweep angle, the positive impact of D-Strips in spanwise direction
toward the wing tip will be even stronger than for a two-dimensional
airfoil.

Test Setup

The first proof-of-concept study of D-strips was performed in the
Transonic Wind tunnel Géttingen operated by the Stiftung Deutsch-
Niederldandische Windkanile. This is a continuous run facility with
a 1 x 1m adaptive test section. The ratio of the tunnel height to the
chord of the investigated airfoil model is 2.5. The top and bottom
walls of the test section are adapted to the steady flow around the
airfoil. The wall interference is minimized by a one-step method of

wall adaptation based on a Cauchy-type integral.'> The displace-

ment thickness of the turbulent wind-tunnel wall boundary layer is
predicted by Head’s method'* and is added to the wall shapes; top
and bottom wall displacement thicknesses are obtained according
to the measured pressure gradients at each wall while the gradient
is neglected for the sidewalls. (Jacobs, M., “Treatment of the Wall
Boundary Layer in the Wall Adaptation Procedure and Steady Wall
Adaptation for Dynamic Tests,” DNW BU GuK, private communi-
cation, Gottingen, Germany).

The transonic airfoil model VC-Opt® with a 9.2% relative thick-
ness, 1-m spanwidth and 0.4-m chord length is manufactured from
high-tensile steel. It is mounted to a rotating mechanism on each
side of the adaptive test section, which allows the adjustment of
the angle of attack o with an accuracy of 4 0.02 deg. The airfoil is
fitted with static-pressure taps in three spanwise rows each having
42 orifices on the suction side. In the middle row are additionally
28 orifices on the pressure side. Laminar-turbulent boundary-layer
transition is forced at 10% chord on the suction and on the pressure
side by disks with a height of 0.032%, a diameter of 0.250%, and a
distance from each other of 0.635% chord length. The effectiveness
of the transition tripping has been verified in previous tests using
zig-zag tape with a height of 0.025% chord length.6

Beside the static pressures at the airfoil surface, static pressures
at the wall as well as total and static pressures in the wake are mea-
sured using a multichannel pressure sensor system. The wake rake
consists of 136 total and eight static tubes with a total rake height of
125% chord length and is mounted 150% chord length downstream
of the model trailing edge in the center plane of the test section.
The accuracy of the measured pressures at the airfoil surface is esti-
mated to be &= 0.5% and for the pressures at the wall and at the wake
rake & 0.35% relative to a typical stagnation pressure of the present
test. No corrections for displacement effects have been applied to
the wake pitot measurements. The lift coefficient is calculated using
integration of the measured airfoil surface pressures. The drag co-
efficient is calculated from the wake rake data by integration across
the model wake. Data repeatability of lift and drag coefficients was
examined by comparison of the present data at the clean airfoil with
data obtained at the same flow conditions in two other test cam-
paigns using the VC-Opt airfoil model. The repeatability of ¢, is
approximately 0.0002 and of ¢; 0.02, respectively. The measured
data points per channel are obtained by averaging 255 samples.

A schlieren system is used in the present investigation in order
to visualize the impact of the D-Strips on the flowfield close to the
wing-suction-side shock wave. It is set up in a standard Z arrange-
ment. The light source is provided by a xenon light with 150-W
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Fig. 2 VC-Opt airfoil with D-Strips applied and wake rake mounted in the DNW-TWG.

power. A slit diaphragm is placed in front of the light source. Two
594-mm-diam parabolic mirrors with a focal length of 5 m are used
to collimate the light through the test section and to refocus it onto the
schlieren edge provided by a razor blade. The schlieren pictures are
recorded by a 1280 x 1024 pixels charge-coupled-device camera.

Figure 2 shows a photograph of the airfoil model and the wake
rake installed in the wind tunnel. D-Strips are applied to the airfoil
ranging from 40 to 70% in chord direction. The spanwise width of
the D-Strips is 4.25% chord length, and in the spanwise direction
they are 50% chord length apart. In the tests two different heights of
Velcro-type strips are applied: thin D-Strips with a height of 0.215%
and thick D-Strips with a height of 0.570% chord length.

Proof-of-Concept Experiment

The objectives of the first proof-of-concept experiment are to
validate the operating principle of D-Strips and to demonstrate its
potential benefits. Nevertheless, further investigations are neces-
sary to quantify the potential benefit for a transport aircraft with
swept wings. Schlieren pictures of the flowfield above the airfoil
and total-pressure distributions in the wake of the airfoil are taken
in order to validate the operating principle of D-Strips. Lift and drag
polars demonstrate the benefits of D-Strips with respect to airfoil
performance.

Figure 3 shows schlieren pictures at flow conditions where a
moderately strong shock wave occurs above the clean airfoil at
x/c =64%. The angle of attack in all four cases is adjusted such that
the lift force is the same. The flow visualizations present the flowfield
density gradients integrated across the span. Dark and light areas in-
dicate high gradients. The top picture reveals the flow structure for
the clean airfoil as reference case. It shows a classical transonic
shock-wave/boundary-layer interaction of moderate strength.'?
Because of the density gradients in the boundary layer, one can
see the thickening of the boundary layer in the shock foot region,
which leads to a small triangular region of compression waves. This
region has a smaller extent compared with the cases where thin or
thick D-Strips are applied. Here the density gradients in the flowfield
above the airfoil are smaller compared to the reference case. The
presence of the D-Strips causes the thickening of the boundary layer
to start further upstream. Moreover, the boundary-layer thickening
is spread over a longer chordwise distance, which leads to weaker
density gradients in the boundary layer. Thus, from these schlieren
pictures one can expect a lower wave drag and a lower viscous drag
as a result of the shock-wave/boundary-layer interaction modified
by the D-Strips compared to the clean airfoil. In Fig. 3 thick D-Strips
“closed” with plasticine are also shown. Hence, the displacement
effect of the closed version is comparable with the one of an ordi-
nary strip, but the pressure information cannot travel upstream in

A A A A A
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Fig. 3 Schlieren pictures at Ma, =0.793 & 0.002, Re, =5.05 - 106 +
1.2%, o adapted to constant lift.

the subsonic flow within the D-Strips. For this case, the flowfield is
similar to that observed for the clean airfoil. Namely, the shock wave
has a similar strength, and the triangular region of more isentropic
compression is smaller than in the two cases with D-Strips.

Figure 4 shows pressure distributions that were recorded simul-
taneously with the schlieren pictures of Fig. 3. On the left side of
Fig. 4, the surface static-pressure distributions ¢, (x /c) for the just-
mentioned cases are compared. On the right side of Fig. 4, the cor-
responding wake total-pressure distributions z/c(p/ po) are shown.
The wake rake is in between two D-Strips. The wake measurements
confirm that the closed D-Strips act similar to the reference case
except that there is a kink at z/c =0.2. This kink is most probably
caused by the displacement effect from the ramp of the upstream
end of the closed D-Strips. The thick D-Strips result in an increased
total pressure at z/c =0.1 and a lower peak at z/c = —0.05 in the
wake total-pressure distribution. These changes in the wake com-
pared to the reference case result in a lower wave drag as well as a
lower viscous drag at a constant lift.

In the lower incidence range, D-Strips generally have a very small
effect on lift as is demonstrated in Fig. 5Sa. Nevertheless, one can
see that the lift coefficient ¢; at a constant angle of attack o is
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somewhat reduced when D-Strips are applied compared with the
clean airfoil. However, the maximum lift tends to be increased,
most likely because of the weaker shock waves and a thus de-
layed flow separation. This confirms the observation in Ref. 3,
where tests reveal that there is an increase in the maximum lift
suggesting that the buffet-onset limit is delayed by passive control.?
Figure 5b shows drag polars ¢;(c,) obtained from the wake rake
data that are positioned between two D-Strips. At low lift coeffi-
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cients ¢; where the drag coefficient ¢, is almost constant vs lift,
no strong shock waves occur above the suction side of the airfoil.
The drag polars in Fig. 5 show that the influence of the D-Strips
is negligible at these lift coefficients. This is in contrast to the ob-
servations presented in Ref. 3: tests with passive ventilation over
the span always lead to an increase in viscous drag, which gener-
ally overcompensated the reduction in wave drag except at certain
conditions.’
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Fig. 4 Measured influence of D-Strips on: a) airfoil static-pressure distributions c, (x/c) and b) wake total-pressure distributions z/c (p/pg) at
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In the wake of D-Strips, the viscous drag increases as is shown
in Fig. 6. Straight behind and at a spanwise location of 7.9% chord
length from the thick D-Strip, the total drag increases by about
Acy =25%. However, in particular for a swept wing this increase
in drag would only occur locally in spanwise direction. Globally,
a net decrease of overall drag can develop by applying D-Strips if
strong shock waves occur in the flowfield above the clean airfoil.
Figure 6b also shows that total drag reductions of Ac; = —20% can
be achieved at the midsection between two thick D-Strips. For the
present investigation no optimization of the D-Strips was performed
either with respect to the strips’ layout or to the positioning on the
airfoil because the main objective of the present test is to validate the
operating principle of D-Strips. Thus, only commercially available
Velcro-type strips were applied as D-Strips although other config-
urations such as airscoop-type structures also meet the first basic
idea of its operating principle. Nonetheless, at spanwise locations
sufficiently away from a D-Strip measurable total drag reductions
are achieved.

Summary

The operating principle of a novel passive shock control concept
for drag reduction on swept wings called D-Strips!! is introduced,
and results of a first experimental proof of concept are presented.
Wind-tunnel experiments are conducted at transonic airspeeds using
an airfoil VC-Opt® (9.2% relative thickness) with forced boundary-
layer transition. Schlieren pictures confirm the operating princi-
ple. Wake measurements demonstrate that, locally, in the wake of
D-Strips the total drag increases. However, more globally, at span-
wise locations away from these positions the total drag is measurably
reduced if a sufficiently strong shock wave is present above the wing-
suction-side surface. In contrast to passive control by ventilation,
outside of the wake of the D-Strips a wave and viscous drag re-
duction and observed. Furthermore, the maximum lift tends to be
increased by D-Strips suggesting that the buffet-onset limit is de-
layed. An application of D-Strips to a swept wing at cruise con-
ditions can yield net aircraft drag reduction because the drag rise
is limited to the D-Strips and its wake, but the shock-weakening
effect and the drag reduction are distributed in the wide-splayed
characteristics upstream of the shock front. The effectiveness of
D-Strips is less sensitive to the location of the shock wave than
control concepts like two-dimensional bumps, which are only ef-
fective at the design conditions. Another application of D-Strips
that can be considered is the regions with a distinct shock, for ex-
ample, between engines or in the wing-root region or at the inboard
engine. (Kiihn, W., and Dargel, G., “Discussion About D-Strips,”
private communication, Bremen, Germany). However, there is a
need for further investigations in order to optimize D-Strips and to
quantify their impact on aircraft performance. Recent experimen-
tal results indicate that airscoop-type configurations might perform
better as D-Strips than Velcro-type strips. Because D-Strips are easy
to apply on existing wings, an application of D-Strips for retrofit is
possible.
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