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Preface

The survival of the Aeronautical Industries of Europe in the highly competitive
World Aviation Market is strongly dependent on such factors as time-to-market of
a new or derivative aircraft and on its manufacturing costs but also on the
achievement of a competitive technological advantage by which an increased
market share can be gained. Recognizing this, cooperative research is
continuously encouraged and co-financed by the European Union in order to
strengthen the scientific and technological base of the Aeronautical Industries thus
providing — among others — the technological edge needed for survival.
Corresponding targets of research within Area 3, Technologies for Transport
Means, and here in particular Area 3A, Aeronautics Technologies, of the
Industrial and Materials Technologies Program ( Brite - EuRam III, 1994 - 1998)
have been identified to be aircraft efficiency, cost effectiveness and environmental
impact. Concerning aircraft efficiency —~ relevant to the present research ~ a
reduction in aircraft drag of 10%, a reduction in aircraft fuel consumption of 30%,
and a reduction in airframe, engine and system weight of 20% are envisaged.
Meeting these objectives has, of course, also a strong positive impact on the
environment.

In order to further technology, it is prudent to concentrate on the feasibility
demonstration of a limited number of technologies of high economic and
industrial impact. Examples of such technologies are, for instance, with regard to
aircraft efficiency, the application of laminar flow and drag reduction
technologies, technologies related to advanced large primary structures, and
propulsion technologies. A general prerequisite for technology development is, of
course, also the continuous improvement of the theoretical / numerical and
experimental tools and, particularly in the case of aeronautical fluid dynamics,
which is of interest here, the understanding of complex viscous compressible flow

phenomena such as turbulence, transition, shock boundary layer interaction and
separation.

The fundamental research program described here is related to drag reduction and
separation control; it is based on the following consideration: the development of
the boundary layer and the interaction of the wing-upper-surface shock wave with
the boundary layer essentially establish the flight performance of transonic
transport aircraft at cruise as well as at high-speed off-design conditions.
Consequently, employing shock and boundary layer control can be assumed to
have a large potential for improving flight performance in terms of cruise drag,
hence speed and/or fuel consumption, and with respect to the drag-rise and buffet
boundaries. Control can also be utilized to design simpler-geometry wings,
allowing to reduce weight and increase pay load, without the penalty of reduced
aerodynamic performance. Based on the experience gained during the
EUROSHOCK 1 project, where it was found that passive shock control by a
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perforated-surface/cavity arrangement generally leads to an increase or, at best, to
marginal reductions in drag, the specific objective of the research performed here
was to study the various aspects of active shock and boundary layer control, to
develop and improve the computational and experimental tools needed to
incorporate control concepts into the design of advanced transonic wings and to
determine the aerodynamic merits of control up to flight Reynolds numbers, but
also to assess the penalties associated with incorporating potential control
methods into existing and new wing designs.

The work was carried out by five research organizations, viz., Deutsches Zentrum
fiir Luft- und Raumfahrt e.V. (DLR), Centro Italiano Ricerche Aerospaziali
S.C.p.A. (CIRA), Instituto Nacional de Técnica Aerospacial (INTA), Office
National d'Etudes et de Recherches Aérospatiales (ONERA) and Defense
Evaluation Research Agency (DERA), three universities, viz., the Universities of
Cambridge and Karlsruhe and the Universita’di Napoli "Federico II", and four
industrial partners, viz., Alenia Aeronautica, EADS-Airbus (Airbus-D), BAE
SYSTEMS-Airbus (Airbus-UK Ltd.), and Dassault Aviation.

The present book is, similarly to the EUROSHOCK 1 book, structured as follows:
Firstly, the scientific and economical reasons leading to this investigation and the
approach taken are outlined. This is followed by a comprehensive and critical
account of the research and the results obtained — without going into excessive
detail. Finally, the individual contributions of the partners are presented in the
form of papers giving appropriate details of the fundamental, numerical and
experimental research performed.

The editors would like to thank all partners for their contribution to the success of
EUROSHOCK II and for the effort they put into the preparation of the present
book. The work was performed in a very harmonious way which is reflected in
the high quality of the results. On behalf of the entire team, we would also like to
thank the European Commission for its support. Finally, thanks are due to E.H.
Hirschel, the general editor of the Notes on Numerical Fluid Mechanics and to the
Springer Verlag for making this publication possible.

September 2001

Egon Stanewsky Gottingen
Jean Délery Paris
Paolo de Matteis Capua
John Fulker Bedford
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Summary

The development of the boundary layer and the interaction of the boundary
layer with the wing-upper-surface shock wave play an essential role in
determining the design and off-design performance of transonic transport aircraft
in the case of a turbulent wing but more so for laminar wings where moderate to
strong shock waves may already be present at cruise conditions in order to take
full advantage of the potential of laminarization. Based on the experience gained
during the EUROSHOCK I project, where it was found that passive shock control
by a perforated surface / cavity arrangement always lead, for laminar wings, to an
increase in total drag, active control by contour bumps, discrete slot suction, a
perforated surface / cavity arrangement with part-suction, and by hybrid control,
i.e., a combination of control schemes, was investigated. The study consisted of
four elements: basic experiments with the objective of improving the physical
models associated with control, the extension of numerical prediction methods to
properly treat shock and boundary layer control and the performance of
parametric control effectiveness studies, the performance of airfoil and sheared-
wing tests to provide data for the validation of the computational methods and to
determine — in conjunction with the computational results — the aerodynamic
merits of active shock and boundary layer control, and the assessment of benefits
and penalties associated with incorporating potential control methods into existing
and/or new wing designs. The results have shown that active shock control by a
perforated surface / cavity arrangement with part-suction and similarly hybrid
control, consisting of a passive cavity arrangement upstream followed by active
suction downstream, always lead to an increase in total drag for the airfoils and
the sheared wing considered here, while discrete suction resulted in a noticeable
decrease in drag, even when accounting for "pump” drag. The most effective
device, however, was found to be an adaptive contour bump placed in the shock
region which lead to drag reductions of up to 23%. A further reduction in drag
was achieved when combining the contour bump with discrete suction upstream
of the bump. The implementation studies have shown, accordingly, that by
incorporating an adaptive, variable-height bump into a laminar-wing aircraft, fuel
reductions of up to 2.11% can be achieved on typical long-range flight missions.
All devices investigated had a positive effect on the buffet boundary.

1 Introduction

The development of the boundary layer and the interaction of the wing-upper-
surface shock with the boundary layer essentially establish the flight performance
of transonic transport aircraft at cruise as well as at high-speed off-design
conditions. Consequently, employing shock and boundary layer control can be
assumed to have a large potential for improving flight performance in terms of
cruise drag, hence speed and/or fuel consumption, and with respect to the drag-
rise and buffet boundaries. Control can also be utilized to design wings of simpler



geometry, e.g., thicker wings, without the penalty of performance degradation,
allowing to reduce weight and increase pay load.

Before continuing, it is deemed worthwhile to consider briefly the transonic
flow development whose control seems of such benefit: as, for instance, the Mach
number for a given lift coefficient is. increased ~— and similar considerations hold
for increasing lift at a constant Mach number — shock waves develop on the
airfoil upper surface, resulting in an increase in drag mainly due to the occurrence
of wave drag, Figure 1 [1.1]. Subsequently, in addition to the further increase in
wave drag, viscous drag increases essentially due to a thickening of the boundary
layer — initially without separation present — caused by the shock and the
sustained rear adverse pressure gradients. At a later stage flow separation
develops which leads, finally, to the buffet process. Shock and boundary layer
control may delay this development as hypothetically exemplified in Figure 2 for
a turbulent (T) and a laminar (L) airfoil or wing, respectively, showing the effect
of control, the latter denoted by the subscript "SB", on drag and the drag-rise and
buffet boundaries. Also shown in Figure 2 (a) are characteristic pressure
distributions for a laminar and a turbulent airfoil, respectively, which will be
addressed below when considering control effectiveness for these airfoils.
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Figure 1 Transonic drag development, airfoil CAST 10/DoA2,
CL = 0.50, Re = 30x10° [1.1]

Early experiments have revealed that the detrimental effect of strong shock
waves and sustained rear adverse pressure gradients on the off-design
performance of airfoils and wings can be reduced by some means of shock and
boundary layer control, such as vortex generators and single-slot suction and
blowing [1.2]. In later experiments with double-slots and perforated surfaces with
underlying cavities in areas of strong shocks in conjunction with suction from the



cavity, it was shown that for a turbulent airfoil — besides suppressing shock-
induced and rear separation, hence shifting the buffet boundary to higher Mach
numbers and/or lift coefficients -— drag could be reduced over a considerable
range of freestream conditions. The effect was, qualitatively, also achieved when
no external suction, Cq, was applied, Figure 3 [1.1, 1.3]. The initial success of
shock control has initiated experimental and numerical research activities at
various European universities and research organizations with similar research
also having been carried out in the US and in Japan. Corresponding references are
enumerated in [1.4].

a. Pressure distribution for a turbulent  b. Design points and drag-rise and buffet
(T) and a laminar (L) airfoil at equal lift ~ boundaries for the two airfoils without
and with (SB) shock control

Figure 2 Characteristic transonic features for a laminar and a turbulent airfoil

The advance of laminar airfoil and wing technology and the positive effect of
shock control on the flow development about transonic (turbulent) airfoils led to
the proposal and the subsequent execution of the EC Research Project
EUROSHOCK (I) — Drag Reduction by Passive Shock Control — mainly
concerned with the detailed investigation of passive shock control on laminar-
type airfoils previously not considered. To repeat: passive shock control means
here control via a perforated surface with underlying cavity without applying
suction as indicated in Figure 3. Laminar-type airfoils were considered to be more
susceptible to shock control, hence of higher potential for control, since the
inherent acceleration of the flow on the upper surface of an airfoil or wing may
lead for a prescribed lift coefficient already at the design condition to stronger
shock waves, Figure 2a, thus higher wave drag. The flow development in the
vicinity of the drag-rise and buffet boundary is, due to the stronger shocks, also
much more sensitive to small changes in the freestream conditions and shock
control can reduce this sensitivity by reducing the otherwise existing strong
pressure gradients and their inherent effect on (sudden) boundary layer separation.
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Figure 3 Mechanism and effect of passive shock control (Co= 0) on drag
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The specific objective of the EUROSHOCK (I) research was to investigate all
aspects of passive shock control aiming at the reduction of aircraft drag and the
improvement of aircraft off-design performance. The results of the three-year very
thorough investigation of passive shock control, fully described in [1.5], can be
summarized as follows:

e The basic mechanism associated with passive shock control has clearly
been identified. The blowing taking place in the upstream part of the
control region provokes a rapid thickening of the boundary layer with the
resulting increase in the displacement thickness being felt by the outer
inviscid flow as a ramp with an almost continuous (isentropic)



compression replacing the single normal shock present in the interaction
without control, thus considerably reducing wave drag, Figure 4 [1.6, 1.7].
The re-circulating flow in the cavity region results in an increase in the
boundary layer thickness parameters, e.g., momentum and displacement
thicknesses, downstream of the interaction/control region. Nevertheless, a
reduction in total drag of approximately 4% is obtained for the control
region due to the dominating effect of the wave-drag reduction [1.6].

For the laminar-type airfoils investigated, an increase in total drag due to
passive control was determined, experimentally and numerically, Figure 5
[1.8]. This drag increase was traced to the fact that the increase in the
boundary layer thickness parameters over the control region —— also
observed in the basic experiments — was being amplified over the rear
part of the airfoils due to the strong adverse pressure gradients prevailing
there, Figure 6 [1.9], generating viscous drag which overcompensated the
reduction in wave drag.

Passive shock control strongly dampened the shock oscillations thus
shifting the buffet boundary to higher Mach numbers and/or lift
coefficients [1.10].

Solid wall Inclined holes, diameter 0.15 mm

a. Schlieren photograph of the flow field w/o and with control, ONERA [1.6]
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Figure 4 Flow field observations obtained by ONERA and Karlsruhe University
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Based on the experience made during the EUROSHOCK (I) project, it may be
stated that passive shock control can now be ruled out as an effective means of
reducing drag of laminar wings. Even for turbulent wings, the sensitivity of the
effectiveness of passive control to changes in the flow and boundary layer
parameters makes this type of control rather impracticable at conditions where
drag reduction is of prime interest, especially since the benefits are marginal. If
one is concerned with reducing drag, other control techniques must be considered,
the latter constituting the main — but not the sole — objective of the research
described and discussed below. Of course, in applications where drag reduction is
not the main driver, passive control may still be of use, such as, for example, in
supersonic intakes where shock waves are utilized to compress and slow down the



flow at the engine face and where shock-induced separation must be avoided and
the best possible flow uniformity assured.

2 The EUROSHOCK II - Project

The specific objective of the research described here was to study,
experimentally and numerically, the effect of various means of active shock and
boundary layer control on cruise performance in terms of cruise drag and/or speed
and on off-design performance, i.e., essentially the drag-rise and buffet
boundaries, of transonic airfoils and wings. It was, furthermore, aimed at clearly
defining the benefits and penalties associated with incorporating potential control
methods into existing and new wing designs for typical transonic long-range
transport aircraft and, similarly, for regional-jet aircraft, considering characteristic
aircraft missions. Also to be provided were the tools needed for the design of
transonic wings with control, i.e., essentially extending the numerical codes to be
able to accurately treat.control, which requires a clear understanding of the flow
phenomena associated with control and the establishment of corresponding
control laws and boundary conditions.

The active control mechanisms proposed — based on the experience gained
during the EUROSHOCK (I) project [1.5] — and subsequently investigated
included, Figure 7:

e A local contour modification (distensible bump) in the shock region mainly
designed to reduce shock strength, hence wave drag, possibly also reducing
viscous drag and delaying the development of separation due to the lesser
load on the boundary layer.

e A perforation / cavity arrangement placed in the shock region, similar to
EUROSHOCK I, however, with part-suction from the cavity intended to
reduce wave drag while, at the same time, keeping viscous drag low.

¢ Discrete slot suction intended to reduce the boundary layer thickness in the
shock region thus reducing viscous drag by reducing the growth in
displacement thickness throughout and downstream of the shock boundary
layer interaction region, and delaying the onset of separation.

¢ Hybrid control, e.g., a passive cavity in the shock region with active suction
downstream or a contour bump in conjunction with upstream discrete suction,
a mechanisms likely to reduce both wave drag and viscous drag.

In order to reach the overall objectives, the project was divided into four major,
interrelated tasks, Figure 8, with the individual task objectives being as follows:

Task 1 - Modeling of Active Control Phenomena: ® Execution of basic
experiments to study the influence of fundamental parameters on steady shock and
boundary layer control and to optimize control devices. @ Improvement and
validation of physical models for the control region based on the experiments.



The results shall be used to extend and improve the numerical methods to be
treated under Task 2 and to recommend potential control devices to be investi-
gated in Tasks 3 and 4. Involved in this task were ONERA and the Universities of
Karlsruhe and Cambridge (also see Chapters 11 to 13).

Shock
Bump )
l Z Cavity with Suction
Bump + Suction PP,

Discrete Suction )

P, <P, Passive Cavity
+ Suction

]

Figure 7 Active control mechanisms investigated

Task 2 - Prediction of Transonic Airfoil / Wing Flow with Control:
@ Extension of available steady and unsteady two-dimensional and steady three-
dimensional computational methods to predict flows with shock and boundary
layer control. @ Performance of first parametric studies to assess control concepts
and validation of the methods employing, among others, results obtained within
Task 3.

Involved in this task were CIRA, the University of Naples, INTA, ONERA, and
DLR, and EADS-Airbus and Alenia for the validation of the codes to be used in
Task 4 (also see Chapters 14 to 18 and 21 and 23).

Task 3 - Wind Tunnel Experiments on Airfoils and Wings with Control:
® Performance of detailed measurements on airfoils and an infinitely-swept
(sheared) wing up to flight Reynolds numbers to assess the improvements to be
gained by active shock and boundary layer control and to determine possible
scaling effects. @ Provision of results to validate the computational methods of
Task 2.

Involved in this task were DERA and DLR and initially ONERA ( also see
Chapters 19 and 20).

Task 4 - Control Application Aspects: @ Determine benefits and assess

penalties associated with aircraft implementation of control. @ Study ways and
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means of incorporating potential control methods identified here into existing or
new wing designs.

Airbus-UK and Airbus-D considered the application of control to a large A340-
type aircraft with a turbulent and a laminar wing design, respectively, while
Alenia and Dassault, in a combined effort, studied the application of boundary
layer and shock control to regional-jet aircraft. (also see Chapters 21 to 24).

The interrelation between the tasks is summarized in Figure 8: first one has to
consider the basic control phenomena and the associated flow developments and
the critical parameters involved, e. g., shock strength, boundary layer conditions
and surface geometries. Physical models of the viscous-inviscid interactions with
control must be established and/or confirmed and the rather complex boundary
conditions determined. The physical models must be incorporated into
computational methods which, in turn, are to be validated by the results of
realistic experiments on airfoils and wings. Both experiments and computations
must be employed to assess the aerodynamic merits of the shock and boundary
layer control concepts. Finally, ways must be found to incorporate potential
control methods into existing and/or new wing designs and benefits and penalties
that can be expected from an incorporation of control into aircraft must be
assessed.

, 1.1 € > 1.2
Basic Experiments | € > | Physical Modeling
| J

Task 2 Vv Task 3
2.1 / \ 3.1
Steady / Unsteady € > Study of Active SC
Aspects of 2D Flow and Sweep Effects
2.2 2> € 3.2
Quasi 3D Sheared Detailed Flow
Wing Aspects Investigations
Y
Task 4

Assessment of Control/
Control Application Aspects

Task 1: Modeling of Active Control Phenomena Task 2: Prediction of Transonic Airfoil /
Wing Flow with Control Task 3: Wind Tunnel Experiments on Airfoils and Sheared
Wings with Control Task 4: Control Application Aspects

Figure 8 General task flow chart and interrelation between tasks
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3 Modeling of Active Control Phenomena
(Task 1)

The objective of the work performed here was to further the understanding and
modeling of the physical phenomena involved in transonic shock boundary layer
interactions under active control conditions. Considering control, as envisaged
here, one may distinguish between control applied to the incoming boundary layer
before it enters the interaction region, thus increasing the resistance of the
boundary layer to the destabilizing action of the shock and sustained adverse
pressure gradients, or actively applied in the interaction region with the positive
effect of preventing separation and/or restricting the thickening of the boundary
layer. Applying suction upstream or in the interaction region tends, however, to
increase the shock strength compared to the no-control and passive control cases,
respectively, provoking an increase in wave drag, while, at the same time, viscous
(or pressure) drag is likely to be reduced. Thus it can be advantageous to associate
passive cavity control in the interaction region with active control by suction
downstream, i.e., exert hybrid control. A contour bump in the shock region tends
to mainly reduce shock strength, hence wave drag, without a major effect on the
boundary layer development downstream, hence viscous drag.

The details of the physics of these control schemes and their effect on the
flow development, especially the gains in performance that may be expected, must
be established. The work was, accordingly, divided into two supplementing parts:

(i) Execution of detailed experiments on simplified (channel flow)
configurations aiming at a detailed description of the controlled flow field
dependent on major flow and geometrical parameters.

(ii) Exploitation of the results with regard to the derivation, assessment and
improvement of the physical models used to represent the effect of shock and
boundary layer control, also placing emphasis on turbulence effects and
turbulence modeling.

Three institutions were involved in the basic investigations, namely, the
Fundamental / Experimental Aerodynamics Department of ONERA, the
University of Karlsruhe Institute of Fluid Mechanics and the Cambridge
University Department of Engineering. These partners worked in close contact
investigating essential and complementary aspects of the various control
mechanisms:

ONERA focused its experimental work on a local analysis of various controlled
interactions in order to establish the flow field, including both mean and turbulent
properties, and to study the control effectiveness. The experiments were
supplemented by Navier-Stokes computations to evaluate the physical models and
boundary conditions prescribed utilizing several turbulence models. The control
mechanisms considered were: a combination of several cavities through which hybrid
control was applied, discrete slot suction, and a contour bump in the shock region.
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The University of Karlsruhe investigated active control by part-suction through
a perforated plate / cavity arrangement and hybrid control placing emphasis on a
careful examination of the influence of the size (length) and location of the
downstream active control cavity. In further work, the important problem of the mass-
flow determination through a porous plate in the presence of an outer transonic stream
was examined. Supplementing the experiments, 2D and 3D Navier-Stokes
computations, simulating the channel-flow experiments, were performed.

Cambridge University considered active shock and boundary layer control in
three-dimensional flows with the control mechanisms considered being a perforated
plate / cavity arrangement with part-suction, and discrete slot suction with emphasis
on the effect of the slot location with respect to the shock. Again, Navier-Stokes
computations, using different turbulence models, supplemented the swept-shock
channel-flow experiments.

A detailed description of the three investigations is given in Chapters 11, 12 and
13, respectively.

31 The Test Arrangements
3.1.1 Two-dimensional channel-flow experiments

Two-dimensional basic experiments were performed by ONERA [3.1] and the
University of Karlsruhe [3.2], respectively, utilizing the channel-flow
experimental set-ups depicted in Figures 9 and 10.

The ONERA experiments have been executed in a continuous transonic wind
tunnel supplied with desiccated atmospheric air with the stagnation conditions being
close to ambient conditions. The test set-up, Figure 9a, consisted of a transonic
channel having a height of 100 mm and a span of 120 mm in the test section. The
lower wall was flat, the upper wall consisted of a contoured profile (nozzle) designed
to produce a uniform supersonic flow at a (maximum) Mach number close to M = 1.4.
An adjustable second throat was placed at the test section outlet to produce a shock
wave in the desired position with respect to the control mechanism / control region.
The present test section set-up, Figure 9a, corresponds to control by discrete slot
suction with the air to be removed from the cavity metered by a sonic throat in the
suction duct. Figures 9 b and c exhibit the set-up for hybrid control with a 70 mm
long passive cavity and a 15 mm long active cavity downstream. Furthermore
investigated was, as a common test case with Karlsruhe University, a similar
arrangement with the passive cavity being only 50 mm long, and a contour-bump in
the shock region. The interacting boundary layer and the flow field were probed by
using a two-component LDV system which allowed to determine the mean velocity
vectors and the Reynolds-tensor components in the interacting flows.
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Figure 9 Active shock and boundary layer control set-up in the ONERA S8 wind tunnel [3.1]
At the University of Karlsruhe, the experiments have been performed in an

atmospheric blow-down wind tunnel with a test section having a cross section of
about 50 mm x 200 mm. The test section proper, located in the slightly diverging part
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of a Laval-type nozzle in order to achieve typical transonic shock-upstream Mach
numbers, consisted of an interchangeable lower-wall region allowing the active and
hybrid control device, respectively, to be installed. The lower-wall test set-up, here for
hybrid control by a passive/active cavity combination and a freestream Mach number
of M = 1.3, is shown in Figure 10. One of the main variables of the investigation was
the length of the downstream active cavity which has been changed in steps between
15 mm and 45 mm. The measurements consisted of wall pressure measurements,
boundary layer profile surveys by means of pressure probes, and Mach-Zehnder flow-
field observations.

M. = 1.30 pr — porous plate

position : Peor=5.3 %

passive cavity \suction
cavity
50 15
[
| > |
X= 00 50.0 100.0

(all dimensions are in mm)

Figure 10 Test arrangement for the Karlsruhe University shock control experiments [3.2]
3.1.2  Three-dimensional channel-flow experiments

The work on three-dimensional oblique shock wave boundary layer
interaction with and without control was carried out in one of the Cambridge
University Department of Engineering's supersonic wind tunnels capable of
simulating full-scale Reynolds number conditions [3.3]. The wind tunnel utilized,
having a test section of 150 mm x 110 mm, operates at a freestream Mach number
of Moo = 1.85; the shock wave was formed by a 6° wedge placed on the wind
tunnel ceiling — with the shock boundary layer interaction to be investigated
taking place on the side wall — providing a Mach number normal to the shock of
Mooy = 1.15 which is comparable to that observed on transonic aircraft wings,
Figure 11a. A plenum chamber, inserted into the tunnel side wall, was placed
underneath the swept shock, at an angle of 40° to the freestream direction. The
plenum can be covered with either a porous surface or various solid plates
containing individual slots for discrete suction; mass-flow removal is provided by
an ¢jector-driven suction system.

The arrangement of the perforated surface and the slot positions investigated
are depicted in Figure 11b and c, respectively. Also indicated here are the
locations of the surface pressure orifices and the positions where boundary layer



probe traverses were carried out. Investigated were active control by a porous
surface/cavity arrangement with part-suction, and discrete slot suction in three
positions with respect to the shock, viz., upstream, downstream and at the foot of
the shock; in all instances, the suction rate was varied.

Wind Tunnel Ceiling

Control Region

Wind Tunnel Sidewall

a. Sketch of experimental configuration
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X2 X2
— —
X3

.
.
.

Shock position
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b. Porous surface (8% porosity) c. Suction-slot positions

Figure 11 Test set-up details for the Cambridge shock control experiments [3.3]
3.2 Numerical Codes Employed

All channel-flow basic experiments were supplemented by numerical
simulations. Characteristic features of the computational procedures were as
follows:

ONERA implicitly solved the Reynolds-averaged Navier-Stokes equations
formulated, respectively, to incorporate the Baldwin-Lomax algebraic turbulence
model, adapted to apply to separated flows, and the [k- &] transport-equation
model of Chien [3.1]. The wall vertical velocity distribution was obtained by
either using Poll's law [3.4] or the law developed by Bohning and Doerffer at the
University of Karlsruhe [3.2]; both laws will be further addressed in subsequent
chapters. The ONERA computational domain as part of the experimental channel
extended from a well chosen upstream section, where the experimental velocity
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profiles were imposed, to the end of the channel, where the experimental pressure
was prescribed.

The University of Karlsruhe employed for their channel-flow computations
the Navier-Stokes code KAPPA using the Baldwin-Lomax turbulence model
[3.2]. The code consists of a finite-volume multi-grid/muiti-level algorithm.
Generally, the normal velocity distribution in the control region is obtained by the
Bohning and Doerffer control law described below. The computational domain
starts at the entrance to the convergent-divergent nozzle and ends at the second
throat downstream of the test section.

Cambridge University performed all computations with a finite-volume
implicit algorithm which solves the full three-dimensional Reynolds-averaged
Navier-Stokes equations [3.3]. In these computations the energy equation is not
solved and the total enthalpy is assumed constant. This results in considerable
savings in computer time without impairing the overall accuracy. The physical
domain of the computations was 235 mm x 762 mm x 240 mm with grid
refinements at the walls and throughout the interaction region. A relation for the
velocity normal to the wall within the control region was derived from a number
of experiments in a calibration rig, without, however, accounting for an outer tan-
gential flow as in the case of the Karlsruhe law, something that should be
considered in future work. In the calculations three turbulence models, namely,
Cebeci-Smith, Baldwin-Lomax and Johnson-King, were used and compared.

For more details on the computational methods and procedures, the reader is
referred to the individual technical reports [3.1, 3.2, 3.3] and Chapters 11, 12, and
13, respectively.

33 Analysis of Results

The control concepts investigated included active control by a perforated plate/
cavity arrangement with part-suction from the cavity mainly in three-dimensional
(3D) interactions, hybrid control, essentially consisting of a passive cavity upstream
and active control by suction downstream of the passive cavity, mainly in 2D
interactions, discrete slot suction in various locations with respect to the shock for 2D
and 3D flows, and, again only in 2D flow, control by a contour bump in the shock
region. Representative results will be presented in the following sequence: single-
cavity control with part-suction, hybrid control, control by discrete suction and control
by a contour bump. The analysis will start, however, with perforated-plate calibration
experiments which resulted in a new control law.

3.3.1  The new control law of Karlsruhe University

Since it was found during the EUROSHOCK (I) exercise that the
establishment of the characteristics of a perforated plate — be it for passive or
active shock control by perforated-plate/cavity arrangements — may require the
presence of an outer transonic stream, a special test-rig was built and e xperiments
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carried out to derive these characteristics at corresponding conditions [3.2]. The
test-rig employed consisted of a channel with adjustable walls allowing the
generation of accelerating or decelerating flow thus providing weakly supersonic
or subsonic streams. One of the walls, Figure 12, was fitted with a cavity covered
by a porous plate through which, depending on cavity pressure, either blowing or
suction was applied.

Representative results of the measurements, with and without an external
stream, are depicted in Figure 12: one observes that without external flow (M =
0), the results agree quite well with the general function already established
during the EUROSHOCK (I) investigation [1.7], viz.,

d_P = M;ggSS(L)I/o.ss
5 1.2

where the subscript "hole" refers to the average conditions within the holes of the
perforation and dP is the pressure difference across the perforated plate. However,
in the presence of an outer tangential flow (M > 0), there is, in the case of suction,
a strong dependence of the transpiration characteristics on the outer-stream Mach
number. Note that in the case of blowing the external flow has no effect on the
transpiration characteristics.

It can be surmised that the wall shear stress is the driving mechanism for
blocking the holes in the perforated plate with the effect of the shear depending on
the magnitude of the transpiration flow. A factor was, accordingly, introduced,

’

comprised of the ratio of 7,,, and the momentum of the flow in the hole, Y2

pho,eu,fo,e , and a relation of the form
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derived. The best fit of the proposed formula to the measured results was obtained
for a = 1.52 and b = 25 with the character of the curves and the qualitative
behavior, as shown in Figure 12, well represented. The above formula, applicable
in the case of active and/or passive control, can be used to determine the velocity
distribution in the cavity region by means of the continuity equation. For more
details one may refer here to [1.7] and [3.2].

3.3.2  Active control by perforated plate/cavity in 3D flow

Active control by a perforated plate/cavity arrangement with part-suction was
mainly investigated by Cambridge University and here for three-dimensional swept-
shock interactions [3.3]. The conditions were a cavity with a porous surface of 8%
porosity and a Mach number upstream of and normal to the shock of Mooy = 1.15,
generated by a 6° wedge at a freestream Mach number of Moo = 1.8, Figure 11
(also consult Figure 7). The Reynolds number was Re = 3.3x107/m with the
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boundary layer being fully turbulent upstream of the interaction. The suction rate
varied from 0 g/s (passive control) to 10.9 g/s, the latter corresponding to a

suction coefficient of C y =q/( p U8 )=0.143.
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Figure 12 Results of the perforated-plate calibration and of computations according to the new
Karlsruhe (Bohning-Doerffer) transpiration law [3.2]

The surface pressure distributions obtained at these conditions are compared
in Figure 13 with the no-control reference case. Here, it must first be noted that
the overall pressure rise is distinctly less than expected from inviscid theory which
is believed to be partly due to upstream disturbances caused by the experimental
set-up; however, the study of control effects is considered not to be impaired by
this shortcoming,

This figure otherwise shows that passive control effectively smears the shock
induced pressure rise exhibiting a distinct plateau in the streamwise pressure
distribution, indicative of a A-shock system, with a nearly isentropic
compression following the forward shock (also see Figure 4). The application of



suction to the cavity lowers the plateau pressure and therefore removes some of
the benefits of passive control such as the reduction in wave drag. Large values of
suction completely eradicate any shock-smearing, even causing an expansion. The
pressure rise in these cases is seen to be steeper than in the uncontrolled test case,
thus most likely increasing wave drag.
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Figure 13 Surface pressure distributions for active control at various suction levels,
centerline distributions [3.3]

Corresponding boundary layer profiles downstream of the interaction, with
and without cavity control, show, Figure 14, that suction, as expected, increases
the fullness of the boundary layer profiles near the surface. Large amounts of
suction, however, affect the entire velocity profile rendering it even fuller than in
the solid-wall case. The fuller profiles indicate a reduction in viscous drag in the
case of airfoil flow so that suction, as seen, seems to increase wave drag but re-
duce viscous drag. This strongly suggests that a favorable balance must be struck
in applying suction considering the change in wave drag and the change in
viscous drag both, but also accounting for "pump" drag which will be addressed
later.

The numerical simulation showed results quite similar to the experimental
pressure distributions except that the level of the plateau pressure was over-
predicted and, even for a suction mass flux well in excess of the experimental
maximum, the plateau itself remained. The effect of suction, i.e., the reduction in
the level of the plateau, was, however, well predicted. Considering the boundary
layer development, again agreement between computation and experiment is good
as far as the effect of suction is concerned: for instance, a similar reduction in the
momentum and displacement thicknesses downstream of the interaction/control
region with increasing mass flux was predicted by computation and experiment,
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although the level in the boundary layer thickness parameters is quite different,
Figure 15.
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Figure 14 Velocity profiles downstream of the interaction for active control at
various suction levels [3.3]
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Figure 15 Boundary layer thickness downstream of the interaction for various
levels of suction {3.3]

There is a further interesting observation to be made in Figure 15, reflecting
on the balance between wave and viscous drag addressed above: considering, for
example, the experimental results, the displacement and momentum thicknesses
reach in the case of control the level of the no-control condition at a suction mass
flux of q = 4 g/s, i.e., viscous drag should not be affected by control. Examining
the corresponding pressure distribution in Figure 13, one observes that there is
stilf a noticeable plateau with a considerable spreading of the shock at this suction
rate indicating that wave drag is still being reduced; this implies, of course, that at
this suction level also total drag is being reduced.
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Concerning the issue of turbulence models — here considered were the
Baldwin-Lomax, Cebeci-Smith and Johnson-King models, respectively — there
was very little effect on the pressure distributions; however, for an actively
controlled interaction there is a pronounced difference in the boundary layer
profiles downstream of the interaction between the Baldwin-Lomax model (BL),
which fits the experimental data quite well, and the other two models considered,
Figure 16. This lead to the conclusion that, since no model seems to give consis-
tently better results, the Baldwin-Lomax model may be preferable since it is
relatively simple and well established.
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Figure 16 Velocity profiles downstream of the interaction region determined with
different turbulence models [3.3]

3.3.3  Hybrid control by passive/active cavity in 2D flow

Hybrid control, as defined here, means control by a passive cavity, i.e., a
perforated plate/cavity arrangement without suction, located in the shock region
combined with active suction through a second, less extended cavity or a discrete
slot downstream of the passive cavity. The effect of this type of control is thought
to be similar to the one just described, except that the reduction in wave drag by
means of the re-circulating flow in the passive-cavity region and the thinning of
the boundary layer downstream are here achieved by separate control entities and
therefore independently controllable.

Studies at the University of Karlsruhe

Typical boundary layer profiles downstream of the interaction/control region
(X = 100), determined for M oo = 1.30 and a fully developed turbulent boundary
layer upstream of the interaction, are depicted in Figure 17 together with the
experimental setup [3.2]. Variables are here the suction intensity and the length of
the second, active cavity as shown in Table 1. One observes that, while passive
control causes an obviously separated flow downstream of the control region,
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suction through the downstream active cavity eventually reestablishes the fully
attached boundary layer profile present at the no-control conditions. This implies
that a considerable reduction in wave drag can be achieved without increasing
viscous drag; pump-drag must, of course, still be taken into account.

Table 1 Mass-flows and cavity-lengths corresponding to Figure 17 and
boundary layer parameters at X = 100 (also see Figure 18)

Miole Suction- Mass-flow 1 .

cavity length | rate [g/s] Cu™| 6 [mm]|§ {mm] Hp
0.19 15 mm 1.51 0.503 12.51 5.32 3.45
0.415 27 mm 5.52 1.840 11.23 4.29 2.96
0.57 27 mm 6.97 2.313 9.83 3.25 2.39
0.57 45 mm 12.07 4,023 8.85 2.69 2.2

DCu =a(PU,0 ), PU takenatMoo =130, 5 taken upstream of the

interaction region
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The results obtained are essentially similar to the active-single-cavity results
described in the preceding chapter and the question arises as to the more effective
control arrangement, for instance, for drag reduction. Although only a very
detailed drag balance can answer this question, a first attempt is being made in
Chapter 3.3.4.

One of the objectives of the present investigation was to study the effect of
the suction-cavity length on control efficiency. However, when changing the
length of the downstream active cavity, the hole Mach number, i.e., the suction
intensity, was kept constant thus always increasing the mass-flow rate with
increasing cavity length as indicated in Table 1. The boundary layer thickness
parameters downstream of the interaction/control region were therefore plotted
versus the suction coefficient for all suction rates/cavity lengths investigated,
Figure 18. One observes that all data points for a given boundary layer parameter
form a single curve, indicating that the important parameter of the interaction
control is the suction mass-flow rate with the cavity length only having a
secondary effect. Note that the boundary layer parameters for the no-control case,
viz., & =7.75mm, 8 " =2.36 mm and H;, = 2.14, are close to the ones for the
high-suction-rate case as already indicated by the boundary layer profiles in

Figure 17.
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Figure 18 Hybrid-contro! effect on the boundary layer integral parameters
downstream of the interaction-control region [3.2]

Two- and three-dimensional computations were carried out by Karlsruhe
University employing, as described above, the Navier-Stokes code KAPPA. The
3D calculations, modeling the complete channel and test area, were performed in
response to discrepancies observed previously between experimental and 2D
computational results. The 3D computations for the case without control given
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here as example, Figure 19, show, indeed, that large three-dimensional effects
exist in the experiments downstream of the initial interaction/control region which
are thought to be due to the rather narrow channel of the experimental setup. It is,
however, believed that this will not impair the conclusions drawn from the present
investigation.

0.7 - g . e - -
/ s
06 5o

y

05 /
o experiment
04

PPO

0\\0-'/'6 ——2-D calculation
o —3-D calculation
03 | ; |
0.36 0.38 0.4 0.42 0.44 0.46 0.48
X [m]

Figure 19 Comparison of experimental and computational wall static pressure
distributions in the interaction region [3.2]

Studies at ONERA

ONERA has performed channel-flow experiments concerned with hybrid
control for the configurations outlined in Chapter 3.1.1, Figure 9, i.e., 50 mm long
and 70 mm long passive cavities in the shock region with 15 mm long active
cavities downstream [3.1]. In the case of the former, the active cavity was covered
by a perforation, while in case of the latter this cavity was open acting more like a
slot. Due to the utilization of the LDV-system, detailed flow field information —
besides surface pressure distributions — has been obtained.

Considering first the flow field, the Schlieren picture for an undisturbed
shock-upstream Mach number of M = 1.4, Figure 20a, indicates that in the no-
control case the shock thickens the boundary layer moderately with the shock
strength in the vicinity of the wall being somewhat reduced due to a weak forward
compression. For hybrid control, Figure 20b, the upstream passive control cavity
causes a considerable increase in boundary layer thickness due to the outflow of
air from the cavity resulting in the formation of an oblique shock wave followed
by a nearly isentropic compression. The boundary layer thickness is, at the suction
rate considered, somewhat reduced by the downstream active cavity. Note that the
suction coefficient is here defined as C'o =q /(" U L) with o and U taken at
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sonic conditions and L taken as 1 meter, a definition similar to the one — also
giving similar coefficients — used for airfoil flow.

a. No-control reference case b. Hybrid control, C'q = 8.2x10

Figure 20 Schlieren photographs of the flow field in the interaction region, M = 1.4 [3.1]

A more quantitative resolution of the flow field is provided by the Mach
number contour maps derived from the LDV-measurements, Figure 21: in the
case of hybrid control, the leading shock provokes in the outer inviscid flow a first
compression from an upstream Mach number of about M = 1.30 to M = 1.20 with
a subsequent compression reducing the Mach number further to M = 1.10. The
transition to subsonic flow occurs through the weak normal shock located near the
downstream end of the active cavity. The boundary layer downstream of the
interaction is considerably thickened compared to the reference case but reduced
again by the subsequent suction to nearly no-control conditions.

A better indication of the effect of hybrid control on the boundary layer
development is, of course, provided by the distribution of characteristic boundary
layer integral parameters — here represented by the displacement thickness —
within and downstream of the interaction/control region, Figure 22. It can be seen
that at low suction rates, the boundary layer displacement thickness keeps
growing downstream of the passive cavity to values much higher than the ones for
the no-control case. Increasing suction reduces the thickness parameter which
reaches, at a suction coefficient of C'q = 8.2x10™, the no-control level downstream
of the active cavity; increasing suction to C'q = 30x10™* seems to almost eliminate
the boundary layer downstream of the interaction, Figure 22b, confirming the
trend observed in the University of Karlsruhe experiments.

One aspect of control, important to turbulence modeling, concerns the
turbulence behavior in interactions with control. Staying with hybrid control, it is
indicated in Figure 23, where the local maxima of the turbulent kinetic energy k
(see Chapter 11 for definition) within and downstream of the interaction region
are plotted, that the turbulence level in the interaction region drops below the one
for the reference case, while downstream it is higher than or equal to the no-
control level when moderate to high suction rates are applied; turbulence only
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reduces below the no-control level when using extreme mass-flow removal, a
behavior similar to the one of the boundary layer thickness parameters.

a. Solid-wall reference case, Xgocx = 165 mm

b. Hybrid control, C'q = 8.2x10™

Figure 21 Mach number contour lines for the solid-surface reference case and for
hybrid control {3.1]
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Figure 22 Boundary layer development for hybrid control at various suction rates [3.1]
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Figure 23 Streamwise variation of the maximum turbulent kinetic energy at no-control
and hybrid-control conditions [3.1]

Supplementing the measurements, Navier-Stokes computations have been
performed with and without control employing initially the Baldwin-Lomax and
the [k-&] Chien turbulence models, and using for the determination of the
vertical velocity component at the wall within the control region the calibration
law of Poll and the law of Bohning-Doerffer described in Chapter 3.3.1,
respectively. In the passive cavity the experimental pressure was prescribed, while
at the downstream active slot the O v — value at each grid point within the slot
region, derived at by dividing the measured suction mass-flow rate by the number
of grid points, was prescribed. Since the [k-&] Chien transport equation
turbulence model showed difficulties in correctly reproducing the viscous flow in
the long constant channel section preceding the test area proper, which lead to
"viscous" choking of the channel flow in the sonic throat even in the smooth-wall
no-control case, the computations with control were only carried out with the
Baldwin-Lomax turbulence model. Computations included the no-control case,
passive control, and hybrid control by the 70 mm long passive-cavity/slot
arrangement.

As reflected in the computed wall pressure distributions, Figure 24, essential
features of the controlled interactions are well represented in the computations. In
detail there are, however, some discrepancies: while for the reference case the
calculated wall pressures are in good agreement with the measured data,
predictions in the case of passive control, using either Poll's or Bohning and
Doerffer's law, show a steep pressure rise at the leading edge of the passive
cavity, followed by an expansion, which does not exist in reality. This
discrepancy is thought to be due to an insufficient mesh resolution. In the case of
hybrid control, larger differences between experiment and computation also exist
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in the slot region where computations under-predict the pressure recovery, again
considered due to grid resolution deficiencies.
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Figure 24 Measured and computed pressure distributions for the reference condition and
passive and hybrid control [3.1]

3.3.4  Cavity-ventilation control efficiency

As was repeatedly stated, essential drag components of an airfoil or wing at
transonic speeds are the wave drag, generally associated with the upper-surface
shock wave, and viscous drag, associated with the boundary layer development
throughout the interaction and control region and downstream thereof where
sustained adverse pressure gradients prevail. Wave drag and viscous drag account,
together with wing friction drag, for roughly 30% of aircraft total drag [1.2]. It is
therefore of interest to consider for potential control arrangements the boundary
layer and outer-flow-field conditions downstream of the interaction/control region
representative of these drag components.

For this purpose, we examine first the boundary layer and flow field total
pressure losses, P./Py,, as function of the distance from the wall downstream of
the control region for the conditions: @ no control, @ passive control, ® hybrid
control, and @ active (part-suction) single cavity control, the latter two with
maximum suction applied (C M =4.023).

The results for these conditions are compared to the profile upstream of the
interaction, i.e., the profile without shock losses, in Figure 25. By comparison
with the undisturbed profile it can be seen that ® the no-control case is associated
with moderate viscous losses but strong shock losses, except close to the surface
due to the boundary thickening by the shock, while @ passive control generates
strong viscous losses but over a considerable distance into the flow field no shock
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losses. @ Hybrid control shows moderate viscous losses, similar to the no-control
case, and no shock losses, similar to passive control. @ Active control through a
single cavity exhibits essentially no viscous losses — compared to the upstream
conditions — but the highest shock losses. It should be noted that the control
mechanisms investigated are only effective up to a distance from the wall of Y =
50 mm; at Y > 50 mm, the shock is no longer reached by control.
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Figure 25 Stagnation pressure profiles for different control schemes downstream of the
interaction/control region [3.2]

A direct indication of the efficiency of a control mechanism is given by
plotting the integral form of the efficiency, defined as 77 = U?/ U%, — where the

subscript "is" denotes isentropic conditions — viz.,
17
ny=—= Jﬂd Y
Y 0

as function of the distance from the wall Y, Figure 26. It is seen that passive
control has the lowest overall efficiency, while hybrid and active control exhibit
the highest efficiencies. However, considering the "near-wall" region, one
observes that the losses in the boundary layer in case of the single-cavity active
control are less which makes this type of control also less sensitive to the
sustained rear adverse pressure gradients prevailing on airfoils or wings so that —
with the overall efficiency being the same — active control by single cavity seems
preferable if drag reduction is of main concern.
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interaction/control region [3.2]

3.3.5 Control by discrete slot suction

Following the airfoil experiments of DERA within Task 3, Chapter 5, where
it was found that, concerning drag reduction, discrete slot suction is one of the
more viable mechanisms of shock and boundary layer control, it was decided to
consider discrete slot suction also within the basic (channel) flow experiments.
Accordingly, ONERA studied the effect slot suction in 2D flow with emphasis on
the effect of slot geometry [3.1], while Cambridge University in their swept-shock
experiments placed emphasis on the effect of the slot location on control
effectiveness [3.3]; the suction rate was varied in both investigations.

ONERA 2D studies

The experimental set-up has been introduced in Figure 9. The slot, 1.5 initial
boundary layer thicknesses (5 mm) wide, was located about one boundary layer
thickness downstream of the (fixed) shock location. Geometric variables included
the geometry of the slot leading edge, i.c., blunt or sharp, and the inclination of
the slot, viz., 90° and 60°, respectively, relative to the flow direction.

The purpose of slot suction is, of course, to render the boundary layer more
resistant to the detrimental effects arising from the interaction with the shock
wave and — in the case of airfoil and wing flow — to the subsequent sustained
rear adverse pressure gradients. Suction has, at the slot location considered here,
the direct effect of eliminating or at least strongly reducing the extent of shock-
induced separation, and the associated A -shock region, thus increasing the shock
strength and correspondingly wave drag. This is demonstrated in Figure 27 by
Schlieren photographs and, in a more quantitative way, by the Mach number
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contour lines, derived from the LDV flow-field measurements, in Figure 28; both
indicate the extreme thinning of the boundary layer despite the increase in shock
strength. For the Mach number contours corresponding to the no-control case,
needed for comparison, please consult Figure 21a.

a. No-control reference case b. Discrete slot suction, C'q = 8.5x10

Figure 27 Schlieren photographs of the flow field in the interaction region for the solid
surface reference case and for control by discrete slot suction [3.1]

(For the solid-surface reference case see Figure 21a)

Figure 28 Mach number contours for control by discrete slot suction; C'q = 8.5x10* [3.1]

The effectiveness of discrete slot suction on the boundary layer development
and, consequently, on viscous drag can, as before, best be judged by examining
the development of relevant boundary layer thickness parameters, here the
displacement and momentum thicknesses, in and downstream of the interaction
region, Figure 29: suction reduces both boundary layer parameters well below the
level of the no-control case. This means, of course, that viscous drag — if discrete
suction is applied to airfoil or wing flow — will be considerably reduced, while
wave drag is, as shown above, increased. It should be noted here that the
geometry variations considered, viz., the rounding of the slot leading edge and the
inclination of the slot, had only a minor effect on control effectiveness [3.1].
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Considering the turbulence behavior, it was found that the turbulence level
downstream of the interaction decreases below the level of the no-control case
with increasing suction mass-flow rate, similar to the case of hybrid control at
extreme suction rates.
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Figure 29 Boundary layer thickness characteristics without and with slot suction [3.1]

It should be noted that ONERA, in supplementary tests, also considered slots
located further upstream (see [3.5] and Chapter 11), however, we shall study the
effect of slot location here by referring to the Cambridge investigations.

Studies of Cambridge University

The experimental set-up for the investigation of the effect of discrete slot
suction on swept-shock boundary layer interactions, including the slot locations
studied, was introduced in Chapter 3.1, Figure 11. The slot width corresponded to
one initial boundary layer thickness (= 7 mm). The suction rate was varied
between 0 gfs and 13 g/s.

Turning first to the surface pressure distributions, Figure 30, it should be
noted that the slots at the locations considered here, viz., underneath and
downstream of the (inviscid) shock, cause a severe disturbance of the downstream
pressure distributions even without suction applied. This seems to indicate that,
even without active suction applied, the suction system is possibly being filled
during the initial phase of a test. In that case, no effect on the results for active
suction is to be expected.

The effect of active suction on the pressure distributions is dependent on slot
location: upstream suction has hardly any influence (plot not shown), while
suction at the foot of the shock may, dependent on the suction rate, considerably
reduce the pressure upstream of the shock and steepen the subsequent pressure
gradient, similar to the 2D case, indicating that wave drag may be considerably
increased. Downstream suction causes, at the lower suction rates, a further
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increase in pressure above the initial no-control pressure rise, while at higher
suction rates these pressures are reduced following more the no-control
distribution. The pressure gradients in the shock region are less severe than the
ones for suction at the foot of the shock or even the no-control case.

For all slot locations considered, the boundary layer profiles downstream of
the interaction/control region became fuller as the suction level was increased,
similar to active control by the perforated plate/cavity arrangement (Figure 14).
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Figure 30 Surface pressure distributions for slot suction dependent on slot location and
suction level [3.3]
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The boundary layer displacement thickness downstream of the interaction/
control region as essential parameter for the contribution of viscous drag to total
drag in the case of airfoils and wings, is, for all control arrangements studied by
Cambridge University, plotted in Figure 31 dependent on the suction mass flux: in
all instances is the displacement thickness downstream of the interaction region
reduced by suction. The highest O “-level is associated with active cavity control
by part-suction due to the initial zero-mass-flux passive cavity effect. The slot-
suction performance in reducing the displacement thickness is nearly independent
of the slot location with the differences in the O “-level mainly being due to
disturbances caused by the slots themselves. Normalizing the displacement
thickness by the initial zero-mass-flux value, Figure 31b, shows, however, the
downstream slot location to be somewhat less effective in reducing displacement
thickness, while suction through the porous surface has the largest effect. The
latter is thought to be due to the fact that suction through the porous surface not
only improves the boundary layer condition directly — as does slots suction —
but also reduces the detrimental effect of blowing from the cavity upstream of the
shock.
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Figure 31 Displacement thickness downstream of the interaction/control region for various
control mechanisms [3.3]

3.3.6  Control by a contour bump in the shock region

As in the case of slot suction, computations and airfoil tests within Tasks 2
and 3, following investigations of [3.6], revealed that a contour bump in the shock
region was most effective in reducing wave drag. Bump contours were, therefore,
also investigated in supplements to the ONERA channel flow experiments [3.5] in
order to establish the details of the local flow development associated with bump
control. Originally, a bump for shock control was selected since it constitutes a
shape similar to the "effective” contour generated by the passive cavity/perforated-
plate arrangement.

The bump investigated here had a length of 80 mm — corresponding to 20%
chord in case of an airfoil — extending in the cannel, Figure 9a, from X = 130 mm
to 210 mm, i.e., essentially covering the area previously taken up by the cavity
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arrangements. The bump was asymmetrical with the highest point of the bump
(crest) being located at X = 186 mm, i.e., at 70% of the bump length, which was
derived at in the bump optimization process described in Chapters 4.3.2 and 6.2.2.
Three shock locations with respect to the bump were investigated, viz., X = 165,
186, and 210 mm, corresponding to 44%, 70%, and 100% of the bump length.
Representative results for the effect of the bump on the local flow
development, here for the (optimum) reference shock position of 44% of the bump
length, are presented in Figure 32: the Schlieren photograph, Figure 32a (for the
no-control reference condition see Figure 20a), indicates that the bump produces a
A -shock structure as in the case of hybrid control, Figure 20 b, replacing the
strong shock by an initial oblique shock, an isentropic compression and a weak
second (normal) shock. The displacement distribution in the bump region, Figure
32b, indicates @ the smearing of the shock and @ a displacement thickness
downstream of the interaction/control region that is only marginally higher than
the no-control value — similar to the hybrid control case at high suction rates but
without power addition — indicating the drag-reduction potential of the bump.

a. Schlieren photograph of bump region  b. Displacement thickness distribution

Figure 32 Effect of a contour bump on shock boundary layer interaction [3.5]
34 Conclusions and Future Work

Basic channel-flow experiments of shock and shock boundary layer interaction
control at typical transonic shock-upstream Mach numbers were performed by
ONERA and the University of Karlsruhe for two-dimensional interactions and by
Cambridge University for three-dimensional swept-shock interactions. The basic area
of investigation ranged from just upstream of the influence sphere of the shock to
sufficiently downstream of the interaction/control region to judge the subsequent
boundary layer development. We have hence considered local flow developments as
affected by shock and boundary layer control which, of course, strongly shape the
global developments associated with airfoil and wing flow. The control mechanisms
studied were:
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e Active control by means of a perforated plate / cavity arrangement with part-
suction including the "zero-suction" passive control case.

¢  Hybrid control, consisting of a passive cavity in the shock region and suction,
either through a cavity covered by a perforated plate or a slot, downstream.

¢ Discrete slot suction at various locations with respect to the shock.

¢  Control by a local contour bump.

The results of the basic experiments have shown, for two- as well as for three-
dimensional interactions, that by active single-cavity control with part suction the
boundary layer thickness parameters downstream of the interaction/control region
can be considerably reduced -—— compared to the passive control case — and that,
at moderate to large suction rates, the no-control boundary layer parameters
downstream of the interaction can be reestablished while some shock-spreading
still remains. This means that wave drag may be reduced without increasing
viscous drag. Hybrid control has the same integral efficiency; however, it seems
that single-cavity part-suction generates, at the same suction rate, a thinner
boundary layer downstream of the control region. This is attributed to the fact that
the boundary layer thickness is reduced — as in the case of hybrid control —
while at the same time the detrimental effect of blowing from the cavity upstream
of the shock is weakened.

Slot suction considerably reduces the boundary layer thickness parameters
downstream of the interaction/control region. It seems, therefore, a viable tool for
reducing viscous drag in the case of airfoil and wing flow; however, for slot
locations upstream of and at the foot of the shock, wave drag may be strongly
increased and care must be taken in determining the amount of suction — also
considering pump drag — that still provides a total drag reduction. The rear slot
location is somewhat less effective in reducing boundary layer thickness due to the
thicker boundary layer approaching the slot, but has, on the other hand, the
advantage that wave drag is somewhat reduced due to a certain degree of shock
smearing by the thicker boundary layer.

A contour bump in the shock region, if placed correctly with respect to the
shock, is likely to reduce wave drag by shock smearing without increasing viscous
drag and, of course, without needing additional energy input as in the case of
suction.

Concerning the numerical simulations accompanying the computations by
Reynolds Averaged Navier-Stokes (RANS) codes, employing various turbulence
models, generally predicted the effect of control quite well. However, details of
the pressure distributions and absolute levels of the global boundary layer
parameters were not always satisfactorily determined. This was considered to be
due to, respectively, an insufficient grid resolution in the control region and
deficiencies in the turbulence models employed, an issue still unresolved. A new
control law has been established and introduced by Bohning and Doerffer which
takes the presence of an outer transonic tangential stream into account and allows
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a more accurate determination of the vertical velocity in the control region in the
case of passive or active ventilation.

Future work is envisaged to include the investigation of a wider range of
boundary layer and flow control mechanisms at both, low- and high-speed flow
conditions, including, e.g., sub-boundary-layer devices, such as vortex generators,
mass-less air jets, reversed-flow flaps, and streamwise slots, without, however,
neglecting the mechanisms investigated up to now where many unresolved issues
still exist. Especially a combination of control mechanisms is worth considering.
Emphasis must again be placed on the understanding of the physics of the
controlled flow and on the establishment of the proper boundary conditions.
Especially turbulence remains an issue where continued research is urgently
needed.

4 Numerical Simulation of Airfoil and Wing Flow with
Control (Task 2)

The main objective of the work discussed here was to extend, where needed,
available steady and unsteady two-dimensional and steady three-dimensional
computational methods to predict airfoil and wing flows with shock and boundary
layer control, to assess these methods, and to perform first parametric studies to
determine the effectiveness of control schemes in reducing drag and improving the
drag-rise and buffet boundaries. The control mechanisms considered included
local contour bumps in the shock region, active shock control by a perforated
plate/cavity arrangement, hybrid control consisting of a passive cavity in the shock
region coupled with active suction downstream, and discrete slot suction, pure and
in combination with a contour bump. The basic computational methods employed
included coupled Viscous/Inviscid Interaction (VII) procedures and Navier-Stokes
solvers.

The partners involved were CIRA Transport Aircraft Aerodynamics Division,
the Institute of Aerodynamics and Fluid Mechanics of DLR, INTA Fluid
Dynamics Department, the Computational Fluid Dynamics and Aeroacoustics
Department of ONERA, and the University of Naples Aerospace Design
Department; the Aeronautics Division of ALENIA and EADS Airbus-D (DASA-
Airbus) participated here in order to validate the computational methods to be
used for their control application assessment to be discussed in Chapter 6.

4.1 Numerical Methods

Most of the basic numerical methods used here were already extended and
utilized to treat flows with shock control by passive/active cavity ventilation within
the EUROSHOCK (I) project [1.5]. Since they are described in detail in the
individual contributions to [1.5], only a brief account of the basic methods will be
given here. During the present project, the codes were generally improved by
introducing, for instance, the new control law of Bohning and Doertfer, described in
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Chapter 3.3.1 [3.2], and by grid refinements in the control region whose necessity
became evident also during the course of the present computations. Other common
issues treated concerned the prediction of the various components comprising total
drag, including pump-drag in the case of suction, specifics of the numerical
simulation of discrete slot suction, especially minimum grid resolution in the slot
region, and the establishment of effective freestream conditions, particularly in
relation to the present experiments., Some of these issues are addressed in Chapter
4.1.3 and, when relevant to the understanding of the results, in the corresponding
discussion.

4.1.1 Basic numerical methods

The basic numerical methods employed to treat airfoil and wing flow with
control are briefly described below. More details are given in the respective chapters
of Part B, Individual Contributions, and the literature as indicated.

ALENIA ALN Navier-Stokes Code [4.1]: Solved are the Reynolds-averaged full
Navier-Stokes equations for 2D steady/unsteady flow with a finite-difference
technique. Centered space discretization is used with added non-linear second- and
fourth-order damping. A two-equation, fully point-wise k-Rt turbulence model is
implemented. Control laws were not introduced since only control by a contour bump
was considered. Computations regarding the application of bump control to a
regional-jet aircraft were performed with a 3D coupled full potential/ boundary layer
code.

CIRA EUBL2D Code and Qusi-3D-Extension [4.2, 4.3]: The code is based on
the semi-inverse coupling of the Fuler- and the integral boundary layer equations.
The former are solved using a standard cell-centered finite-volume discretization
technique. The calculation of the laminar boundary layer is based on the method of
Cohen-Reshotko, the turbulent boundary layer calculation on the direct and
inverse formulation, respectively, of Green's integral method. Lighthill’s surface
source model is used for the viscous/inviscid interaction. The extension to wall
transpiration has been accomplished by adding a natural or a forced ventilation
term to the contribution of the body thickening. The method has been extended to
treat infinitely swept-wing configurations by de-coupling the streamwise flow and
the cross flow, employing 2D Euler computations in the direction normal to the
leading edge and boundary layer calculations along 3D streamlines.

EADS Airbus-D VII Code [4.4, 4.5]: The method, applicable to 2D and infinite-
swept-wing flow, is based on the inviscid/viscous coupling of a 2D full-potential flow
solver with an interactive 3D boundary-layer finite difference method. Using
LeBalleur's defect formulation concept, the real viscous flow is split into a viscous
defect flow and an equivalent inviscid flow extending to the airfoil/wing surface and
the wake streamline as the location of the viscous boundary condition for the inviscid
outer flow. The inviscid flow is solved in a transformed domain; a shock operator
performs the entropy correction in order to satisfy the Hugoniot-Rankine condition.
The viscous solution is obtained by solving a stream function formulation of the
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compressible boundary layer equations with an algebraic eddy-viscosity turbulence
model based on the Cebeci-Smith formulation. The introduction of the wall mass-
flow transfer was accomplished by a slight modification of the wall boundary
condition in the inviscid and viscous flow solvers.

DLR/INTA 2D Time-Accurate Navier-Stokes Code [4.6, 4.7, 4.8]: The (DLR)
code is based on the Beam/Warming approximate factorization implicit
methodology using central differences in the space coordinates. Due to the latter,
numerical damping terms had to be added to avoid numerical instabilities. To
represent turbulent flow, the Baldwin-Lomax algebraic turbulence model is
generally being used; however, two further turbulence models have been
introduced, viz., the Johnson-King model and the Spalart-Allmaras model,
respectively. Provisions to treat the control mechanisms considered here have
been implemented by INTA. The code can be applied to steady conditions, i.e.,
below the buffet boundary, and will automatically provide unsteady oscillatory
results as soon as the buffet process commences; it can therefore be employed to
directly determine the buffet boundary.

ONERA VIS Codes [4.9, 4.10]: The Viscous-Inviscid Interaction (VII) codes,
namely the steady code VISO5c and the unsteady code VIS15, have been utilized
to compute airfoil flow with shock control. Both codes have a common
methodology and similar coding, including adaptive grids. The approach is based
on LeBalleur's defect-formulation theory for the full Navier-Stokes equations that
replaces the single-field Navier-Stokes domain by a double viscous-inviscid-
interaction field. The steady code VISO5c solves the full potential equation for the
inviscid field. The viscous method is a hybrid-field/integral method solved in a
marching thin-layer 2D numerical technique in direct/inverse modes. The time-
consistent code VIS15 uses the same viscous methodology as the steady code
VIS05¢c, however, for the outer inviscid flow, the unsteady Transonic Small
Perturbation equation (TSP) is solved. A semi-implicit time-consistent coupling
algorithm is used in the code. The code is able to distinguish between a steady and
an unsteady solution and can, therefore, be used to determine the buffet boundary.
For the computation of the quasi-3D infinite swept-wing flow, the unsteady code
VIS25 has been employed which is a direct extension of the 2D code VIS15
adapted to sheared-wing conditions.

University of Naples VII Code [4.11]: The inviscid flow field is computed by
solving the Euler equations on a structured grid following the scheme of Schmidt,
Jameson and Turkel. The method is based on a central space discretization with
explicit adaptive artificial dissipation. Steady state calculations are performed by
using a pseudo-transient approach. The unsteady Euler equations are integrated
until steady state is reached by using an explicit multi-stage scheme with local
time stepping. One of the features of the present solver is the possibility of
handling complex configurations by using a multi-block structured approach
which allows local grid refinement for improved accuracy at low costs. The
viscous solver is based for the laminar part on the method of Cohen-Reshotko, for
the turbulent part on a modification of Green’s method, similar to the CIRA code.
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4.1.2 Control laws and control-law simulation

All codes have adopted a common procedure for the treatment of control by
cavity ventilation, based on developments during the EUROSHOCK (I) project
where different control laws for the calculation of the transpiration velocity as
function of the pressure difference over the perforated plate have been compared
[1.5]. Since Poll's law was shown to provide the best results compared to
experimental data, this law — besides the new law of Bohning and Doerffer at a
later stage — has been adopted by the present codes for all computations
involving control by suction/ventilation. In order to rule out any discrepancies
possibly arising from the introduction of this law into the individual computer
codes, a common (Task 2) exercise was set up to ensure the correct, or at least a
compatible, implementation. The results of this exercise will briefly be discussed
below.

Poll's law [3.4] is based on the experimental investigation of a large number
of samples of laser-drilled titanium plates carried out to establish a relation
between the mass-flow rate and the pressure drop through a porous surface. As a
final result, this relation can be expressed by the equation

Y= %[40.7)( +195X%%]

with X proportional to the mass flux m and Y proportional to the pressure
difference across the porous plate as follows:
. 2
X=" with h=pr—v
ue 4

y= (pe=p)d® d*

v’ e’
Here, d is the nominal determined hole diameter, e is the perforated-plate
thickness, v is the velocity through the holes of the perforation and 0O, U,V are
the density, the dynamic viscosity and the kinematic viscosity, respectively, in the
hole; p. is the cavity pressure and p(x) the pressure distribution along the
perforated plate exposed to the outer flow. Since the laser drilling of a porous
sheet does not produce perfect holes, it is necessary to specify an effective
diameter, d.r = K d, which must be determined for individual porous plates by
calibration.

The common control-law simulation was carried out for prescribed airfoil
pressure distributions measured on the DA LVA-1A laminar-type airfoil during
EUROSHOCK (J) tests at a freestream Mach number of Moo = 0.77 and a Reynolds
number of Re, = 4.64 x 10° [4.13, 4.14]. Furthermore prescribed were the cavity
pressure coefficient Cy,y = -0.72 and the suction coefficients Cq = 0 and -0.0007,
respectively. Figure 33 shows as an example of the results of the simulation the mass-
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flow distribution over the control region determined by the various participating
codes employing Poll's formula. One observes that the agreement in the mass-flow
distribution is quite good. However, some differences occurred in the average
transpiration velocities. These were attributed to the use of different approaches to the
calculation of the density and viscosity within the holes of the perforation needed to
determine the transpiration velocity rather than an incorrect implementation of the
control law. This deficiency was remedied.
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Figure 33 Comparison of mass flows computed in the shock region using Poll’s formula
for a prescribed pressure distribution

4.1.3 Drag determination and the simulation of control by suction

Generally two approaches have been used to determine total drag. One
approach calculates drag as the sum of pressure drag and friction drag, obtained by
integrating the pressure and skin friction distributions, respectively, along the
airfoil surface, i.e.,

Cp = Cpp + Cpp.
This method has been used by CIRA, the University of Naples and by the partners
using Navier-Stokes codes, namely, ALENIA, DLR and INTA. The second approach
is based on determining wave drag from the entropy jump across the shock and
viscous drag from the momentum thickness in the far wake, i.e.,

CD = CDW + CDV-

This method, found to be less sensitive to numerical errors, has been used by EADS-
Airbus-D and ONERA.
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A further drag component, viz., excrescence drag due to the perforated
surface, has been determined by comparison with experimental results and

approximated by

S2/¢c
Chexer = 2.5 [Cpr] Slic>

where [Cp] glzl/: is the friction drag of the clean airfoil obtained by integrating skin

friction over the control region. Finally, there is "pump” drag to be accounted for
when suction is applied. Under certain assumptions, e.g., that duct losses are
negligible and that there is a single plenum to receive the suction mass flow, pump
drag can be expressed as

CDpump = Cpcav CQy
where Cq is the total mass-flux and C,,, the cavity pressure coefficient {3.6].

Another issue of common concern related to the numerical simulation of slot
suction, and specifically to the effect of grid spacing in the slot region. Here, it
was found that at least two grid points should be located within the slot region but
about 7 points over a 1%-chord slot width was recommended for a sufficiently
accurate simulation. Furthermore of concern were differences in the results for
control by suction or ventilation accruing due to prescribing either cavity pressure
or the suction mass-flux coefficient, or due to applying either Poll's law or the
"non-linear" relation of Bohning and Doerffer, respectively. As mentioned above,
these issues will be addressed, if relevant to the understanding of the results,
during the ensuing analysis of CFD capabilities and the parametric studies of
control concepts.

4.2 CFD Capabilities and Preliminary Control Concept Assessment

For the initial validation of the participating computational methods and to
ensure common procedures, mandatory and optional test cases were selected for
which, in part, experimental results were available. The test cases comprised the
following configurations (also see Figure 7):

¢ The laminar-type airfoil DRA-2303 without and with control by a local contour
bump, by discrete slot suction, and by the latter in conjunction with a contour
bump. The DRA-2303 bump-configuration was not part of any EUROSHOCK
project, but experimental results were made available by DERA [3.6].

e The turbulent airfoil RAE-5225 with control mechanisms as above; this airfoil
was also not part of any EUROSHOCK project, but experimental results were
again provided by DERA (3.6].

¢ The turbulent airfoil VA-2 with control by passive and active cavity ventilation;
this configuration was investigated during the EUROSHOCK (1) project [4.15].

In the assessment of CFD capabilities we shall mainly discuss the DRA-2303
airfoil with control by a contour bump and with the latter in combination with
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discrete suction since @ these configurations are very sensitive to changes in the
freestream conditions and to the predictive capabilities, and @ the airfoil was
extensively investigated within the present project in conjunction with, besides
discrete slot suction, active single-cavity control, and hybrid control thus allowing
a comparison of a wide range of control mechanisms applied to the same airfoil.
For further and more detailed results, especially concerning the other test cases
considered, the reader is referred to the individual contributions in Chapters 14 to
18 and to the detailed account of the Task 2 activities in Annex B of [1.5].

DRA-2303 airfoil with contour bump

The DRA-2303 airfoil is characterized by strongly accelerating flow on the
suction side and a relatively fixed shock position (see Chapter 5). It was tested in the
DERA 8Ft x 8 Ft wind tunnel without and with control by a surface contour bump in
the shock region. Typical pressure distributions at the nominal condition M oo = 0.68,
Re, = 19 x 10%, C, = 0.747 — selected for the purpose of validation — are presented
in Figure 34 for the no-control datum airfoil (a) and for the airfoil with control by an
asymmetric bump with a relative height of 0.25% chord consisting of two arcs placed
between x/c = 0.485 and 0.685 with the junction of the arcs at x/c = 0.57 (b); for a
typical bump arrangement on an airfoil, please turn briefly to Figures 7 and 56.
Computed displacement thickness distributions corresponding to these conditions are
shown in Figure 35.

In the case without control, Figure 34a, the computed pressure distributions, here
generally obtained with a grid spacing of 0.5%-chord in the shock/control region,
agree quite well with the experimental distributions except for the INTA results
which show a more forward shock location associated with a stronger spreading of
the shock — possibly due to a reduced grid resolution — and the distribution
determined by ONERA that slightly under-predicts the absolute pressures on the
upper surface which was attributed to the use of the transonic-small-perturbation
method for the flow-field calculations.

Similar agreement is obtained in the case of the airfoil with bump, Figure 34b,
except that a larger scatter between computations occurs in the shock region. Also
noteworthy is that some codes predict a nearly isentropic compression while others
show a pronounced plateau in the control region. Generally, small differences in the
effective freestream conditions and in the predicted development of the boundary
layer, especially in the shock region and downstream of the shock, Figure 35,
resulting in differences in the location of the shock with respect to the contour bump,
might be the reason for the discrepancies observed here. Nevertheless, all codes
determine the spreading of the shock indicative of a reduction in wave drag.

The experimental and numerical pressure distributions shown in Figures 34 a and
b, respectively, were obtained at slightly different freestream Mach numbers, viz.,
Moo = 0.683 (a) and 0.681 (b), which, of course, has no consequences for the
comparison between experiment and computation. For the evaluation of the drag
reduction potential of the bump, however, there is likely to be an influence due to the
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relatively strong dependence of drag on Mach number, so the computations with and
without control have been repeated at the same Mach number and a grid spacing in
the interaction/control region of 0.5% chord. The results are presented in Table 2.
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a. Airfoil DRA-2303, datum configuration, Moo = 0.683, Re, = 19x10% C..=0.74
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Figure 34 Comparison of experimental and computational pressure distributions for the airfoil
DRA-2303 with and without control by contour bump
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Figure 35 Computational displacement-thickness distributions for DRA-2303 airfoil with and
without control by contour bump

Referring to Table 2, at nearly identical freestream conditions for the datum
airfoil and the airfoil with control, all codes predict a drag reductions due to the
contour bump; there are, however, considerable differences in the predicted drag
reductions as well as in the absolute drag levels with the former ranging from 12% in
the case of ALENIA and the University of Naples to 6.6% for the INTA
computations.

Differences in the predicted drag reductions are partly due to differences in the
location of the bump relative to the computed shock locations, i.e., they result partly

46



from differences in the wave drag reduction. However, as is indicated in Figure 35 by
the development of the displacement thicknesses for the datum airfoil and the airfoil
with control, viscous drag is generally also reduced. Since there are considerable
deviations in the curves predicted by the various codes, which seem to originate in or
even upstream of the shock region and then increase downstream due to the influence
of the sustained rear adverse pressure gradients prevailing on the airfoil, one can
assume that differences in viscous drag are also partly responsible for the observed
differences in total drag and, correspondingly, in the drag reductions. This reflects a
major drawback of the codes. The difference in the boundary layer development is, as
already mentioned, also responsible for differences in the predicted shock locations.

Table 2 Aerodynamic coefficients for the DRA-2303 airfoil with and without control
Moo = 0.681, Re, = 19x10°% C, = 0.74

Moo | a(deg) C Cu Cp ACp (%)
Experiment | Datum | 0.6829 | 2.097 | 0.74721 | -0.1006 | 0.01346
Bump | 0.6801 | 2.098 | 0.73988 [ -0.0989 | 0.01138 -154
ALENIA | Datum | 0.6800 | 2.500 | 0.73216 | -0.0861 | 0.01323
Bump | 0.6800 [ 2.500 | 0.73123 | -0.0906 | 0.01165 -11.9
CIRA Datum | 0.6801 | 2.228 | 0.73978 | -0.0897 | 0.01133
Bump | 0.6801 | 1.898 [ 0.73991 | -0.1024 | 0.01017 -10.1
EADS- | Datum| 0.6800 | 2.050 | 0.74200 n.a. 0.01131
AIRBUS-D | Bump | 0.6800 | 1.990 | 0.74100 n.a. 0.01029 -9.0
DLR Datum | 0.6800 [ 2.250 | 0.75130 | -0.0919 | 0.01226
Bump | 0.6800 | 2.150 [ 0.74540 | -0.0937 | 0.01113 -9.2
INTA Datum | 0.6800 | 2.000 | 0.7343 | -0.1035 | 0.0135
Bump | 0.6800 [ 2.000 | 0.7443 | -0.1054 | 0.0126 -6.6
ONERA |Datum | 0.6873 | 1.998 | 0.7467 | -0.1010 | 0.01173
Bump | 0.6845 | 1.998 | 0.7393 | -0.1005 | 0.01069 -8.8
U. Naples | Datum | 0.6800 | 2.100 0.7397 -0.0939 | 0.01079
Bump | 0.6800 | 2.070 | 0.7393 | -0.0943 | 0.00950 -11.9

The experimentally predicted drag reduction is with 15.4% higher than the
computed ones, however, this might be due, at least in part, to the difference in the
freestream Mach number with and without control. Differences in the measured and
computed drag coefficients in the case with control at nominally the same Mach
number ranged from * 2% to & 10% with the scatter in the computational results
due to the reasons outlined above.
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The second airfoil considered was the turbulent airfoil RAE-5225. The results of
the comparison between experiment and computations and between the individual
computations are quite similar to the ones observed above. Here too, the contour
bump resulted, at Moo = 0.73, Re. = 19 x 10%, C.. = 0.756, in a reduction in drag
which varied in the computations between 2% and 9% with the majority, however,
being closer to the latter. The experimentally determined reduction was to 13.7%. It
should be noted that the lower effectiveness of the bump in reducing drag is here
mainly due to the weaker shocks prevailing on this airfoil.

DRA-2303 airfoil with contour bump and slot suction

Further test-case configurations concerned the airfoil DRA-2303 with discrete
slot suction upstream of the shock and the latter in conjunction with a contour bump
in the shock region as sketched in Figure 7. For pure slot suction at the nominal
condition Moo = 0.680, Re, = 19 x 105, CL =0.74, Cq = - 0.00007, drag reductions
ranging from about 2% to 7% were predicted; the corresponding experimentally
determined drag reduction was 7.5%, indicating both that slot suction seems less
effective in reducing drag than the contour bump.

The more interesting control scheme — in conjunction with the DRA-2303
airfoil within EUROSHOCK 1I only treated numerically — is the control by a
combination of a bump contour in the shock region and slot suction upstream of the
bump. Computations were again carried out for the nominal conditions M oo = 0.680,
Re. =19 x 10°, CL = 0.74. The slot was located here between x/c = 0.475 and 0.485
(1%-chord slot width), the suction coefficient was Cq = -0.0003. The bump had the
same location and shape as described above.

Considering first the global aerodynamic coefficients, Table 3, one observes that
an increase in drag reduction due to the addition of slot suction above the gain
achieved by the bump alone (compare Table 2) is predicted by EADS-Airbus D and
the University of Naples, while the calculations of CIRA, INTA, and ONERA show a
negative effect with the total drag reduction determined by ONERA only being 2%,
although at a different but consistent Mach number.

Table 3 Aerodynamic coefficients for the DRA-2303 airfoil with bump and slot suction
M = 0.681, Re, = 19x10°%, C, = 0.74, Co = -0.0003

ab Co CL Cp Co
(deg) | w/o control | w control [ w/o control | w control
CIRA 2.196 | 0.73978 0.74015 |[0.011329 |0.010602 -6.42
EADS-A. ]1.990 ]0.74180 0.74104 10.01121 0.00991 -11.6
INTA 2.300 | 0.74843 0.77630 |0.01220 0.01147 -5.98
ONERA? |1.964 [0.74050  [0.74022 |0.01127  |0.01103 2.13
U.NAPLES |2.015 | 0.74697 0.73982 |0.01202 0.00948 -12.14
1) Average between test cases with and w/o control 2) M oo = 0.687

ACp%
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The differences in the drag reductions shown in Table 3 are, of course, due to
differences in the drag components as affected by control. It seems, therefore,
worthwhile to analyze, for representative computations, the effect of control on these
components more closely, Table 4 (also see the specification of the drag components
in Chapter 4.1.3). The subject was already repeatedly addressed when considering the
boundary layer development within and just downstream of the control region in the
basic experiments.

Table 4 Effect of control on drag components for the DRA-2303 airfoil
M =0.681, Re, = 19x10%, C, = 0.74, Cq =-0.0003; grid spacing 0.5%

(l) CDP / CDW CDF/CDV CDP/CDW CDF/ CDV CDP/CDW CDF/CDV

w/o contr. | w/o contr. bump bump | bump+suc | bump+suc
CIRA 0.00715 | 0.00418 | 0.00620 | 0.00400 | 0.00595 | 0.00465
P () (p) ® (2) ()
EADS- 0.00202 | 0.00919 | 0.00120 | 0.00900 | 0.00122 | 0.00869
Airbus (w) (v) (w) v) (w) (v)

ONERA | 0.00227 { 0.00901 | 0.00172 | 0.00915 | 0.00244 [ 0.00848
2 (W) ) W) v) (W) ()
1) Indices: p = pressure drag, w = wave drag, f = friction drag, v = viscous drag
2) 2)Moo =0.687

Table 4 indicates that, when applying pure bump control, a strong reduction in
wave drag, associated with the spreading of the shock, is predicted by the EADS-
Airbus D and ONERA computations. Viscous drag is in the case of the former also
reduced, while ONERA predicts an increase in viscous drag, which might — similar
to the lesser decrease in wave drag — be due to the higher freestream Mach number.
In the EADS-Airbus D computations, applying suction increases wave drag
somewhat due to the thinner boundary layer — the bump is, however, still very
effective — but viscous drag is, as expected, further reduced resulting in the 11.6%
reduction in total drag indicated in Table 3. In the case of the ONERA computations,
adding suction raises wave drag above its no-control level while viscous drag is
noticeably reduced still leading, in spite of the increase in wave drag, to a total drag
reduction of 2.13%. The physical mechanism behind the ineffectiveness of the bump
seems here mainly a mismatch between shock location and bump position as a result
of adding suction which seems to lead to a strong double-shock system associated
with higher wave drag (see Figure 36).

The CIRA computations show that pressure drag is considerably reduced by the
bump, accounting for the main contribution to drag reduction, with an additional
small reduction in friction drag. Adding suction, further decreases pressure drag,
while friction drag is, however, considerably increased due to the fuller boundary
layer profiles associated with suction which is here the dominating effect in reducing
control benefits compared to pure bump control.
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Computed pressure distributions for the case of control by the combination of
bump and discrete suction are compared in Figure 36; the agreement between codes
is essentially as described for the bump-alone control case considered above (Figure
34b). Note that the spikes in the pressure distributions upstream of the shock are
caused by the suction slot modeling.
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Figure 36 Pressure distributions for the airfoil DRA-2303 with contour bump plus suction,
Moo =0.681 (0.687 for ONERA), Re, = 19x10%, C, = 0.74, Cq =-0.0003

Resume: The test cases considered placed relatively high demands on
computational codes, procedures, and the definition of boundary conditions since the
control by bump is very sensitive to changes in the freestream conditions, especially
to the associated changes in shock location with respect to the bump position. This
situation is even more severe when suction is applied in conjunction with the bump
since suction will change flow conditions at the trailing edge of an airfoil or wing,
hence circulation, which will, in turn, change the shock location. For comparisons
between codes it is, for these reasons, extremely important that the effective
freestream conditions, the grid resolution and procedures related to control closely
match; similar considerations hold, of course, also for comparisons between
computation and experiment.

The code-assessment exercise led to several improvements in the computational
procedures, in grid resolution, and in the definition of the boundary conditions.
Computations were, in part, repeated and agreement improved. All codes were,
thereafter, able to predict the effect of control qualitatively quite correct, although the
absolute levels, especially concerning drag, still deviated and further improvements,
for instance, in turbulence modeling for flows with shock waves and/or separation,
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are needed. Concerning the present exercise, a very detailed account of the
comparison between codes for all test cases is given in Annex B of [1.5].

4.3 Parametric Study of Shock and Boundary Layer Control Concepts

Since the comparison of the results generated by the various computational
methods, described above, allows some judgement of the capabilities of the codes
and needed improvements, the following discussion will primarily concentrate on the
assessment of control mechanisms and gains in the design and off-design
performance of airfoils and wings possible due to control. We shall, therefore, also
not consider all results obtained for a specific control scheme by all codes involved
but rather select results best suited for an analysis, trying, nevertheless, to strike a fair
balance between the individual contributions sometimes also duplicating evidence in
support of certain conclusions.

4.3.1 Active control by ventilation and suction schemes

Control schemes considered here comprise discrete slot suction, single cavity
ventilation with part-suction, and hybrid control consisting of passive cavity
ventilation in the shock region and suction downstream of the passive cavity.
Furthermore briefly considered will be distributed blowing representing a "pneumatic
bump".

4.3.1.1 Discrete slot suction

In the experiments with the DRA-2303 airfoil it was, as already mentioned,
found that discrete slot suction is one of the more viable tools if drag reduction is the
‘main driver [5.1]. A rather extensive computational study was, therefore, carried out
especially with respect to possible improvements in cruise drag and in the buffet
boundary with variables being — besides the freestream conditions — the suction
mass flux and the slot location.

In our discussion, we will first consider a complete drag polar for the DRA-2303
airfoil without and with discrete suction applied upstream of the shock region, Figure
37. The computations were carried out by ONERA with the unsteady code VIS5
at a Mach number slightly higher than the experimental one (Mecomp = 0.69; Mecexp
= 0.68), using a fine grid in the shock region and about 7 grid points covering the
slot, located here between x/c = 0.45 and 0.46 [4.10]. A suction coefficient of Cq
= -0.00007, considered reasonable for aircraft installation, was applied; Poll’s law
was employed to determine the normal velocity in the slot area. In the
computations, the angle of attack was progressively increased, starting at @ = -
1.8°, up to about & =4.0°

Figure 37 shows that the overall drag reduction, present in the entire incidence
range investigated, i.e., also at sub-critical conditions, is mainly due to a reduction
in viscous drag, while wave drag is, at C; > 0.60, actually increased due to suction
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confirming observations discussed above and in Chapter 3.3.5, e.g., Figure 29. An
effect of discrete suction on the angle of attack for buffet onset was not observed
at the present mass-flow rate, however, maximum lift is slightly increased due to
suction.
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Figure 37 Influence of discrete suction, DRA-2303 airfoil, M., = 0.69, Re; = 19 x 10°
Cq =-0.00007 [4.10, 5.1]

As already evident from the basic experiments and also indicated in the
preceding chapter, shock-upstream suction or suction at the foot of the shock reduces
the thickness of the boundary layer entering the shock region or interacting with the
shock thereby reducing the shock spread and increasing wave drag; however, the
boundary layer leaving the shock region is still thinner than the one without control
(see, e.g., Figures 28 to 31). In the case of airfoils and wings this initial difference,
say, in the displacement thicknesses may be enlarged by the rear adverse pressure
gradients so that an even thinner boundary layer reaches the trailing edge in the case
of control resulting in the dominating viscous drag reduction. This development is
demonstrated by the pressure and displacement and momentum thickness
distributions, determined by EADS-Airbus D at a lift coefficient of C. = 0.608,
Figure 38, and by the corresponding total drag reduction, which amounts, as in the
ONERA computations, to about 4.4% [4.5]. We have already seen in the preceding
chapter that the increased wave drag due to suction may be softened by a correctly
positioned contour bump.

The effect of slot location on the efficiency of slot suction was studied by
ONERA [4.10] for the freestream parameters and the suction rate corresponding to
Figure 37 at a constant lift coefficient of Cp = 0.6075, a condition where wave
drag starts, as indicated in Figure 37, to be negatively affected by suction. The
pressure distributions corresponding to this lift coefficient (and the upstream slot
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location) are depicted in Figure 39 which also shows an example of the suction
velocity distribution determined by the law of Bohning and Doerffer prescribing
the suction coefficient and the cavity pressure, respectively. The figure also allows
to relate the suction slot positions to be considered below to the relevant pressure

distribution.
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Figure 39 Influence of discrete suction on pressure distribution and boundary layer
development, DRA-2303 airfoil, M.. = 0.68, Re, = 19 x 10°, Cq =-0.00007 [4.5, 5.1]

1.5

1.0

0.5

0.0 F

- VIS15 Discr.contr. C,=-.00007

VIS15 Datum

VIS15 Discr.contr. C =-1.2975
Exp. Datum
Exp. Discrete conirol

C,=-.00007
+ =207

-0.5 TTrTeelie
Suction velocity ;j’
! (Bohning-Doerffer)
: -0.020455 0485 3j5 0460 X/C
_1'0IIIIIIII[]llll!lllllllllll
0.0 0.2 0.4 0.6 0.8 1.0

Figure 39 Influence of discrete suction on the pressure distribution for the airfoil DRA-2303,
M.. = 0.69, Re, = 19 x 10°%, C;_ = 0.6075, Cq = -0.00007 [4.10, 5.1]
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Referring again first to the basic experiments, it was found that rear slot
suction was less effective in reducing displacement thickness while central and
upstream suction exhibited about the same effectiveness, Figure 31. This is also
reflected in the ONERA computations for slot locations varying between x/c =
0.45 and 0.66, Figure 40 [4.10]: the drag reduction is highest for the most-
upstream slot location with the reduction amounting to about 4%. When the slot is
moved closer to the interaction region, wave drag increases due to the thinner
boundary layer and reduces the gain in total drag. When locating the slot
downstream of the shock, wave drag again decreases but the increase in boundary
layer thickness due to the interaction with the shock and the reduced effectiveness
of slot suction almost halve the initial drag reduction.

The second important airfoil performance parameter to be considered is the
buffet boundary, here determined by increasing the angle of attack until the time-
accurate code employed indicated the onset of unsteady conditions, Figure 40b
[4.10]. For the most forward slot position, an angle of attack of & = 3.7° was
estimated for buffet onset with and without suction applied. Moving the slot
downstream reduces this angle slightly, obviously due to an increase in shock
strength which furthers separation; however, placing the slot downstream of the
shock increases the angle of attack for the onset of unsteadiness to &¢ = 3.94°,
corresponding to an increase in lift at buffet onset of about 4%. The effect seems
due to delaying the development of separation when suction is applied
downstream.
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Figure 40 Effect of slot location on drag reduction and buffet onset for the airfoil DRA-2303,
M., = 0.69, Re, = 19 x 10°, C = 0.6075, Cq = -0.00007 [4.10]

INTA has similarly computed the effect of slot location and mass flux on the
buffet boundary employing the DLR time-accurate Navier-Stokes code [4.7]. The slot
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location was varied between x/c = 0.45 and 0.54 at suction rates of Cq = -0.00007 and
-0.0007, the latter corresponding to a 10-fold increase. At the freestream conditions
for the airfoil DRA-2303 considered, i.e., M.. = 0.68, Re, = 19 x 105, the angle of
attack for the onset of unsteadiness was in the no-control case determined to be &
= 4.5°. Since suction at the lower suction rate was found to have no effect on
buffet onset, independent of the slot location, a different approach was taken: first
the angle of attack was increased to ¢ = 4.8° resulting for the datum airfoil in
fully developed buffet with large oscillations in shock location, hence lift,
represented in Figure 41 by the forward part of the curves. The corresponding iso-
Mach contours, Figure 42a, indicate that at maximum lift the shock is in a mid-
chord position while at the lower lift coefficient of the cycle the shock is far
forward with a large area of separation present.

Once the buffet process was completely developed, slot suction was activated
while the shock was at the position of maximum lift. At the lower suction rate
there was again little effect. However, at Cq = -0.0007 the process changed
considerably, essentially dependent on the slot location, Figure 41: suction at the
forward slot location x/c = 0.45 — 0.46 (1%-chord slot width) caused a higher
frequency coupled with a lower amplitude in the shock movement; suction at x/c =
0,49 - 0.50, i.e., closer to the shock, further reduced the amplitude with, as can
also be seen in Figure 42b, very little separation present. Placing the slot at the
foot of the shock completely eliminated shock-induced separation and the buffet
process ceased.

It is obvious that a very high suction rate had to be applied at the foot of the
shock to stop the buffet process. At the lower suction rate with the slot positioned
at the foot of the shock — and also shown by the ONERA results in Figure 40 —
the buffet process was not affected or even commenced at a lower angle of attack.
A slot position further downstream seems, as far as buffet is concerned,
considerably more effective.

The effect of discrete slot suction — varying slot location — on drag and buffet
onset for the DRA-2303 airfoil at M.. = 0.681 (nominal), Re, = 19 x 10°, C =
0.6075, and Cq = -0.00007 was also determined by other participants in Task 2
without the results generally showing any differences in the observed trends due to
suction. Differences similar to the ones discussed in Chapter 4.2 occurred, however,
in the absolute levels of drag and drag reductions.

A further issue studied in conjunction with slot suction was the application of
Poll's law and the new law of derived at the University of Karlsruhe by Bohning
and Doerffer, the latter accounting, as described in Chapter 3.3.1, for the presence
of an outer tangential stream. In the computations it was generally found that the
new law gave, in agreement with Poll's law, answers independent of whether
prescribing the suction coefficient or the cavity pressure, a characteristic that lead,
when applying the law of Bohning and Doerffer in its original form, i.e., not
accounting for the outer tangential stream, to large discrepancies in the results
(also see Annex B of [1.5]).
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Figure 41 Lift oscillations at fully developed buffet with and w/o control by slot suction
DRA-2303 airfoil, M.. = 0.68, Re = 19 x 10%, & =4.8° [4.7]

4.3.1.2 Cavity ventilation and hybrid control

The control mechanisms considered here are a perforated plate/single-cavity
arrangement with part suction and hybrid control comprised of an upstream passive
cavity in the shock region and slot suction downstream of the passive cavity as
sketched in Figure. This type of control was applied to the airfoil DRA-2303 and
investigated numerically as well as experimentally. The freestream conditions
considered in the computations were, as above, M., = 0.68, Re = 19 x 105 C. =
0.608. Iso-Mach lines for the datum airfoil at these freestream conditions, as
computed by INTA [4.7], are shown in Figure 43.
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Figure 43 Computed iso-Mach contours for the DRA-2303 airfoil without control
M..=0.68, Re = 19 x 10°, C;, = 0.608 [4.7]
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Computations for the DRA-2303 airfoil with single-cavity control were —
among others — carried out by EADS-Airbus D at the freestream conditions given
above assuming zero mass flux (passive control) and a, for aircraft applications
reasonable and realizable, mass-flux coefficient of Cq = -0.00009, Figure 44 [4.5].
Quite obvious is the spread of the shock due to passive as well as active control,
hence the likely reduction of wave drag. However, as can be seen in the right part of
the figure, upper-surface displacement and momentum thicknesses are considerably
increased due to control with the initial difference, i.e., the difference immediately
downstream of the control region, amplified by the sustained rear adverse pressure
gradients prevailing on the airfoil. Table 5 shows that, correspondingly, drag is
increased due to passive control by 11.8% which is reduced to 5.7% as suction is
applied. A similar trend in drag behavior is exhibited by the experiments with
experiment and computation both demonstrating the dominating effect of the increase
in viscous drag which has its origin in the boundary layer development within the
control region as already shown by the basic experiments.
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Figure 44 Active control effects on the flow about the DRA-2303 airfoil
M., = 0.68, Re = 19x10°, C;_ = 0.608, Cq = 0and -0.00009 [4.5, 5.1]

Hybrid control was, e.g., numerically considered by INTA with the control
mechanism consisting of the upstream passive cavity coupled with suction
downstream of the passive cavity [4.7]. Again, a spreading of the shock due to the
passive cavity action is predicted in agreement with experiment indicating the
reduction in wave drag, Figure 45. However, as in the case of active single-cavity
control, total drag is increased, here by about 7.2% if no suction is applied
downstream, while applying suction reduces the drag increase to 6.2% at the lower
suction rate and to 1.3% as the suction coefficient is raised to Cq = - 0.0001, Table 5.
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Since the wave drag reduction is essentially not affected by suction, as in the case of
single-cavity control, the drag increase is here entirely due to an increase in viscous
drag. As shown in Table 5, this drag development is also indicated by the
experiments, although the levels of influence differ as before. Please note that we will
return to the experimental results in Chapter 5.3.
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Figure 45 Hybrid control effect on the flow about the DRA-2303 airfoil
M., = 0.68, Re, = 19x10°, C,_ = 0.608, Cq =0 and -0.00006 [4.7, 5.1]

Table 5 Aerodynamic coefficients for the DRA-2303 airfoil with active and hybrid control
Moo = 0.681, Re, = 19x10°%, C, = 0.608 (nominal)

c c? CL Cp? Cp | ACp

Q w/o contr. | w contr. | w/o contr. | w contr. | Y%

EADS-A-pass. sC! 0 0.6070 0.5860 | 0.00932 [0.01042| 11.8
EADS-A-active SC |-0.00009 | 0.6070 0.5950 | 0.00932 |0.00985| 5.7
INTA-hybrid SC 0 0.6125 0.5841 | 0.00970 [0.01040| 7.2

INTA-hybrid SC -0.00006 | 0.6125 [ 0.5871 [ 0.00970 |0.01030| 6.2
INTA-hybrid SC -0.00010 | 0.6125 | 0.5971 | 0.00970 }0.00970( 1.3

Exp.-passive SC 0 0.6080 | 0.5860 | 0.00973 |0.01196 | 22.9
Exp.-active SC -0.00009 | 0.6080 | 0.5930 | 0.00973 [0.01121 | 15.2
Exp.-hybrid SC 0 0.6080 | 0.5905 | 0.00973 |0.01040| 7.2
Exp.-hybrid SC -0.00006 | 0.6080 [ 0.5941 | 0.00973 |0.01030| 6.2
Exp.-hybrid SC -0.00010 ) 0.6080 | 0.5960 | 0.00973 [0.01020! 5.1

1) SC = Shock Control 2) Corresponds to datum (clean) airfoil 3) Pump drag is not
accounted for

It is worthwhile to recall that the basic experiments already indicated that, for the
control mechanisms considered here, mass fluxes in the order of Cq' = -0.0008, i.c.,
mass fluxes about eight times higher than the ones considered in the present
computations, are required to reduce the global boundary layer parameters
downstream of the interaction/control region to the no-control level (see, e.g., Figure
23), thereby eliminating the viscous drag increase. These suction rates are, however,

59



as already mentioned, not realistic for aircraft application. One may, therefore,
conclude that, at feasible suction rates, active control by perforated plate/cavity
arrangement and hybrid control seem to be generally associated with an increase in
total drag — at least in the case of the laminar-type airfoil investigated here — so that
this type of control does not seem a viable tool if drag reduction is of main interest.
However, in other applications where the avoidance of separation and/or the
weakening and stabilizing of the shock is of primary concern, as in supersonic air
intakes, or, generally, in internal flows, this type of control seems well suited.

4.3.2  Active control by contour meodifications (Bumps)

Single-point computations for the laminar airfoil DRA-2303 and the turbulent
airfoil RAE-5225 with and without a contour bump in the shock region were already
discussed above indicating that @ considerable drag reductions can be achieved by
bump control and @ bump effectiveness seems very sensitive to the freestream
conditions determining, e.g., the relative location of the bump with respect to the
shock. It is, therefore, worthwhile to consider in the assessment of bump control
complete aerodynamic polars and, of course, the effectiveness of a bump dependent
on characteristic geometric features such as the chordwise extent of the bump, its
height and its shape.

Within EUROSHOCK 1II the A340-type ADIF airfoil was investigated
numerically and experimentally as basic airfoil and in the constant-chord infinite-
swept-wing (sheared-wing) configuration without and with bump control (see Figures
56 and 57 for the airfoil/sheared-wing geometry and Figure 47 for a typical pressure
distribution). The airfoil is at transonic conditions characterized by a moderate
acceleration of the flow on the upper surface. Also investigated without and with
shock control by contour bump was the laminar-type DA LVA-1A airfoil, already
studied in EUROSHOCK (I) in conjunction with passive ventilation [1.5]. Compared
to the ADIF airfoil, the latter exhibits a stronger upper-surface flow acceleration.
Varied were, besides the freestream conditions, for both airfoils and the sheared wing
the bump geometry and especially the bump height. We will also return here to the
DRA-2303 airfoil when considering the effect of a bump on buffet.

4.3.2.1 Steady flow conditions: airfoil studies

Turning first to the ADIF-airfoil drag polars, computations were carried out, for
instance, by the ONERA VIS15 code considering the airfoil with two asymmetric
bumps of different height, namely, hym, = 0.175%-chord and 0.350%-chord,
respectively [4.10]. The bumps were optimized in preceding studies by EADS-Airbus
D [4.5] and DLR [4.15]; they were located between x/c = 0.640 and 0.840 with the
bump crest at x/c = 0.720 (also see Figures 59 and 56). The Mach numbers for the
computations were selected close to the design Mach number of the airfoil, viz.,
M oo = 0.765. The computed and experimental polars, the latter obtained in the DLR
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Cryogenic Ludwieg-tube Wind Tunnel [4.15], are presented in Figure 46;
characteristic ADIF-airfoil pressure distributions are shown in Figure 47.

Figure 46 exhibits very characteristic features of control by contour bumps, some
already discussed: the higher bump is more effective at higher lift coefficients, say, at
Cp > 0.60, but shows at lower lift coefficients a very strong increase in drag. The
smaller bump is less effective at higher lift, but stays effective over a considerably
larger lift range starting at relatively low lift coefficients. Drag reductions of up to
17% are achieved at C, < 0.60 while reductions of up to 23% are attainable above
this lift coefficient. The figure shows — besides the sensitivity of the bump
effectiveness to lift — also the sensitivity of the bump to Mach number changes
indicated, for instance, by the shift in the cross-over lift coefficient from effective to
ineffective when decreasing the Mach number from Moo = 0.762 to 0.757, Figure
46, left diagrams.
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Figure 46 Drag polars for the ADIF airfoil with and w/o bumps at M., = 0.757 and 0.762,
ONERA computations [4.10], and M.. = 0.765, DLR experiments [4.15]

The reason for the reduced effectiveness of the higher bump at lower lift
coefficients is clearly demonstrated in Figure 47 by the pressure distributions
computed by EADS-Airbus D [4.5] and measured by DLR [4.15]: for the smaller
bump, the pressure increase due to the shock is spread over a certain chordwise
distance (a), while the higher bump causes an initial pressure rise followed by a
strong expansion and, in turn, a second stronger shock (b). This constellation causes a
considerable increase in wave drag as well as an increased load on the boundary layer
which leads to the dramatic increase in total drag. It seems that the relative position of
the bump (actually the bump crest, see Figure 49) with respect to the shock location
and the bump height relative to the shock strength — with both shock location and
strength dependent on angle of attack (lift) and Mach number, but also on the flow
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development initiated by the bump — are essential parameters for optimum bump
effectiveness; the "correct” position and/or height with changing freestream
conditions can, of course, be achieved with an adaptive bump. As an alternative, one
may also consider applying a fixed bump of lower height at a reduced overall
effectiveness.
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Figure 47 Comparison of numerical and experimental pressure distributions for two
different bump heights, ADIF-airfoil, M 00 nominy = 0.765, Re = 8 x 10%[4.5, 4.15]

62



The strong double-shock system was also predicted in computations by CIRA
{4.3] — and others — Figure 48. Also note that the agreement between numerical
and experimental pressure distributions and in the corresponding (qualitative) drag
changes due to control is quite good, while absolute levels again deviate.
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Figure 48 Comparison of computational and experimental pressure distributions w/o and
with bump, ADIF-airfoil, hgymp = 0.35%-chord, M 0o comp = 0.757, M oo ¢, = 0.763,
Re =8 x 10°, C = 0.50 [4.3, 4.15]

The preceding discussion indicates that a bump should actually be adjustable to
changing Mach number and/or lift conditions, e.g., in height, so that at high lift
coefficients a larger bump could be deployed, while, when forced to fly at reduced
lift, the bump could be gradually retracted. A corresponding numerical optimization
study, here for the laminar-type airfoil DA LVA-1A at M., = 0.76, C, = 0.47, Re, =
6 x 10°, was carried out by EADS-Airbus D determining, for instance, the drag
reduction potential dependent on geometric bump characteristics, Figure 49 [6.3]:
for a symmetrical bump (left diagram), drag reduction generally increases with
increasing bump height until, for the given lift coefficient, a height is reached
where a further increase results in a rapid deterioration of the bump effectiveness,
i.e., where the bump most likely causes an expansion and an additional strong
shock; the bump effectiveness also increases with bump length. Keeping the
length of the bump constant at 20% chord (right diagram), drag reduction again
increases with increasing bump height up the "break point". It is, furthermore,
indicated that the most efficient bump is an asymmetric bump with the crest
location at 70% of the bump length. Drag reductions of up to 25% are obtained.
(For a direct indication of the effect of the relative bump location, please consult
Figure 76.)

Such an optimization process must, of course, be performed for all Mach
number/lift combinations providing an adaptive-bump matrix for a given flight
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mission; this will be demonstrated in Chapter 6.2 when considering the application

of a bump to an A340-type hybrid-laminar-flow-wing aircraft.
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Figure 49 Effect of bump geometric characteristics on drag reduction, airfoil DA LVA-1A
Moo =0.760, Re = 6 x 10, C. = 0.47 [6.3]

4.3.2.2 Steady flow conditions: sheared-wing studies

Computations for the ADIF-sheared-wing configuration with and w/o bumps of
different height were initially, i.e., prior to the sheared-wing measurements,
performed for the freestream conditions Moo = 0.840, Re, = 9.9 x 10° and C_ =
0.59 and, correspondingly, for the 2D airfoil at M co = 0.755, Re. =8 x 10% and C,.
= 0.710. The results of the computations, here, e.g. by CIRA, indicated that the
pressure distributions for the 2D and the sheared-wing configurations without and
with control by the smaller bump (hyympzp = 0.175%-chord) are generally quite
similar, Figure 50 [4.3]. This also holds for the drag reductions due to bump
control with the drag reductions for the sheared wing, however, generally lower
than the equivalent 2D reductions, here, for instance, 2.4% in the sheared wing
case and 6% for the 2D airfoil. An equivalent bump height of hyympp = 0.54%-
chord caused a total drag reduction of 15.8% in the 3D case and a reduction of
17.6% for the equivalent 2D configuration. The reduced drag benefits are due to
the lesser contribution of wave drag to total drag.

A further comparison between computational and experimental sheared-wing
pressure distributions, here for the datum wing and bump heights of hgym, =
0.1573%-chord and 0.3146%-chord, is presented in Figure 51 [4.10]: at the higher lift
coefficient, C; = 0.60 (a), both bumps result in a spreading of the shock wave and a
corresponding reduction in wave drag; at the lower lift coefficient, C, = 0.50 (b), the
small bump already generates a double shock system — experimentally as well as
numerically — which again, as in the case of the airfoil, indicates an increase in wave
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drag and most likely in total drag as a result of the mismatch between shock
location/strength and bump characteristics.
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Figure 50 Computations for the ADIF sheared wing and airfoil with and without bump
control, hgympap = 0.175, CIRA computations, DLR KRG experiment [4.3, 4.15}

The latter is confirmed by the corresponding drag polars in Figure 52 which
show the lift-dependent crossover in bump effectiveness similar to the one described
above for the ADIF airfoil [4.5). As a general conclusion one may, therefore, state
that the flow development due to bump control is quite similar in the 2D and the 3D
case and that sweep effects on bump-control effectiveness are minor. Note that we
will return to bump control — also in conjunction with discrete suction — in Chapter
5 where we shall, more closely, examine the results of the experimental investigations
on airfoils and the sheared wing.

4.3.2.3 Unsteady flow conditions — buffet

Here, the objective is again twofold: @ the assessment of unsteady or time-
accurate codes in predicting buffet onset and the buffet process, and @ the evaluation
of the effectiveness of a bump in suppressing or delaying buffet. To determine buffet
onset, three criteria were suggested and defined by ALENIA [6.4], viz., C1 related to
the magnitude of the shock-upstream Mach number, C2 related to the trailing-edge
pressure divergence, and C3 related to the actual onset of flow unsteadiness in the
computations or, similarly, in the experiments. The latter criterion was already
employed when considering the effect of discrete suction on buffet in Chapter 4.3.1.1.
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Figure 51 Experimental and numerical pressure distributions for the ADIF sheared wing with
and without bump control, ONERA computations, DLR experiments [4.10, 4.16, 4.17]
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Figure 52 ADIF sheared-wing polars for bump control, EADS-Airbus-D computations, DLR
experiments, Re, = 6.7 x 105, (X/C)uns = 0.10 upper and 0.15 lower surface [4.5, 4.16, 4.17]

The use of the criterion Cl1 is demonstrated in Figure 53 by estimating the effect
of a bump on buffet onset for the DRA-2303 airfoil; computations were performed by
INTA employing the DLR time-accurate Navier-Stokes code [4.7]. Defined are three
(Mach number) lines representative of conditions just prior to buffet onset (lower
line), at buffet onset and at well-developed buffet. The lines are slanted to account for
the condition of the boundary layer upstream of a shock, i.e., taking into account that
a thin boundary layer may withstand a stronger shock before separation develops,
while a thick boundary layer, as present closer to the trailing edge, tends to separate
earlier, i.e., at a lower shock-upstreamm Mach number. Here, it will suffice to just
consider the centerline. Buffet onset is reached when this line is tangent to the Mach
number distribution. This is generally equivalent to a simpler criterion — frequently
used and valid for shock positions at about 50% to 60% chord — namely, that buffet
is imminent if the shock-upstream Mach number exceeds My, = 1.30; this is the Mach
number where shock-induced separation is incipient [4.18].

In the present representative example, i.e., the DRA-2303 airfoil at Moo =
0.6829, Re. = 19 x 109, Figure 53, the lift coefficient at buffet onset for the airfoil
without control is C g = 0.8619 (¢ = 2.8°), while for the airfoil with bump
control this coefficient is raised to Cyg = 0.9550 (& = 3.5°), corresponding to an
increase in the buffet boundary of 10% due to the bump, which is considerable.

An example of the prediction of the onset of buffet using criterion C3, onset of
unsteadiness, is given in Figure 54 by time-accurate Navier-Stokes computations of
DLR, again for the DRA-2303 airfoil at Moo = 0.68, Re, = 19 x 10 [4.8]: flow
oscillations, here represented by oscillations in the aerodynamic coefficients,
commence in case of the datum airfoil at ¢ = 5.5° while this angle is increased to
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& = 6.0° when bump control is applied. The corresponding lift coefficients are
Ciz = 1.130 and C; 5 = 1.194 for the no-control and the control case, respectively,
representing an improvement of lift at the buffet onset of 5.7%.
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Figure 53 Buffet onset according to the Mach number criterion C1 as computed by INTA,
airfoil DRA-2303, Moo = 0.6829, Re, = 19 x 10° [4.7]
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Figure 54 Effect of a bump on the onset of buffet for the DRA-2303 airfoil
M.. = 0.68, Re = 19 x 10°%, DLR Navier-Stokes computations [4.8]

Results obtained for buffet onset by the various codes, employing the three
criteria, are summarized in Table 6: the buffet boundary is, independent of the
criterion applied, generally increased due to a bump — although the bump is not
explicitly designed for buffet control — which is probably the result of a fairly
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fixed shock position with increasing angle of incidence (also see Chapter 5.2.4.2).
Increases in lift due to control are largest when applying criterion C1, while
criteria C2 and C3 give about the same lower increases. The absolute lift
coefficients at buffet onset are generally lower in case of C1 than they are for C2
and C3. The reason for this is that flow conditions for the criteria C2 and C3 to
apply are much closer to total flow separation than conditions corresponding to Cl
(centerline), where separation just starts to develop, and a further increase in angle
of attack (lift) is needed for the actual buffet process to commence.

The computations show that bump control generally raises the actual buffet
boundary by up to 5%, which is in close agreement with experiment; so it may be
concluded that the time accurate codes considered seem well suited to predict
steady and unsteady conditions and the boundary between these conditions.

Table 6 Effect of bump control on buffet, airfoil DRA-2303 at M., = 0.68, Re = 19 x 10°

Cis w/o control | Cg  with control A Cup%

Criterion: | C1? | ¢2¥ | C3 Cl |c2¥| 3 cl {c2|c3

U. Naples | 0.920 | 0.839| 0.962 | 0998 |0.869| 0.990 | 80 | 3.5 |29
(VID)

DLR 1 0939 | 1.108 | 1.130 |0.985|1.156| 1.194 | 49 | 43 |57
(N.-S.)
ONERA" | 0.820 | 0.976 | 0.976 [0.937 | 1.011| 1.007 | 143 | 3.4 |32
(VII)
INTA | 0.862
(N.-S)
1) M..=0.69 2) Centerline, see Figure 53 3) C2 refers to the deviation in trailing
edge pressure from its value at C;, = 0 by an amount of ACp, =-0.04 as C. (or () is
increased.

— — 0955 — — 108 | — | —

4.3.2.4 Pneumatic bump / distributed blowing

CIRA has introduced the concept of distributed blowing from a multi-slot surface
with individual separated plenum chambers in the shock region [4.3]. By controlling
the mass flux from each slot, a Preumatic Bump can be generated. Computations for
the DRA-2303 airfoil with and without distributed blowing at M., = 0.68, Re = 19 x
10%, C. = 0.60 have shown that the drag coefficient can be reduced by 6.8%, quite
similar to a geometric bump. By reversing the flow within the first slot, a com-
bination of upstream suction and bump was simulated resulting, at the above
conditions, in a drag reduction of 12.8%. The pneumatic bump was found to be
similarly effective as the solid bump in raising the buffet boundary. For more
details concerning this device refer to Chapter 14.
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4.4 Evaluation of CFD Codes

One of the objectives of Task 2 was the evaluation of the participating codes not
only with respect to their predictive capabilities but also with regard to their
computational efficiency. The procedure for determining the latter was as follows:
five test cases were selected from the DRA-2303 airfoil tests, viz., @ the datum
airfoil, @ the airfoil with bump control, @ the airfoil with discrete suction, and @ the
airfoil with passive and ® active control via a perforated surface/cavity arrangement.
The convergence histories for C,, and, where applicable, Cq, were to be provided as
function of the CPU-time divided.by the number of grid points (NG) on the surface.
The common convergence criterion was defined to be A C_ = 10® The CPU
performance of the respective computers was compared in terms of MFLOPS
required for the inversion of a 1000 x 1000 matrix using a standard LINPACK
routine [4.3].

The result of the above exercise is presented in Table 7. It is clearly indicated that
the lowest convergence time is associated with the ONERA VISLS code, while the
Navier-Stokes code employed by DLR and INTA had the highest normalized CPU
time. The difference between the two Navier-Stokes calculations was attributed to the
use of different grids. Further details of the comparison of computer code
performances are given in Annex B of [1.5].

Table 7 Evaluation of computer code performance

Partner Code Computer MFLOPS | Normalized CPU Time (sec)
(Ratio) ING
Test Case | 2 3 4 5
CIRA E?SKD P°w;r S(');'(;C"ge 325(1) |30 |31 |21]38]48
EADS-A. vii HP 715 85 (0.26) 48 | 43|78 | — | —
DLR NS-2D NEC SX4 1944 (6) 376|376 — | — | —

INTA NS-2D CRAY Y-MP 107 (0.32) | 9.0 {10.0| 124|174 | 195

u. | BULSL | PENTIUM200 | 0\ | 437 | 420 | 405 | 336 | 532
Naples” (VID 264 MHz
ONERA | VISIS DEC 764235 |15 19| 16| — | —

(Vi) ALPHA 8400
1) CPU-time not scaled

4.5 Conclusions and Future Work
The overall objective of Task 2 was to extend and improve the participating

numerical codes, including steady and time-accurate Viscous-Inviscid Interaction
(VID codes and Navier-Stokes solvers, to treat flows with shock and boundary
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layer control, and to employ these codes in subsequent parametric studies to
evaluate potential control concepts, supplementing corresponding experiments.

In a first phase, several test cases were defined to assess the capabilities of the
participating codes. These test cases included the following configurations: @ the
laminar-type airfoil DRA-2303 with control by a contour bump, control by
discrete suction, and control by a combination of a bump with discrete suction
upstream of the bump, @ the turbulent airfoil RAE-5225 applying the same
control concepts, and ® the turbulent airfoil VA-2 with passive and active control
via a perforated surface/cavity arrangement. During and as a result of the
computations, codes were improved by grid refinements, especially in the control/
shock region, and by the introduction of the new control law of Bohning and
Doerffer. In a second phase, more detailed parametric studies were carried out,
involving — besides the DRA-2303 airfoil with discrete slot suction and active
and hybrid cavity ventilation — the turbulent A340-type ADIF airfoil, and the
ADIF sheared wing without and with various control mechanisms.

With regard to CFD capabilities, the following conclusions may be drawn:

e For all configurations and control concepts investigated, the computer codes
arrived — after improvements — at the same qualitative results concerning
drag reductions/increases and the improvement of off-design conditions, i.e.,
essentially improvements in the buffet boundary due to control. However,
absolute levels in drag as well as in the magnitude of drag changes due to
control differed between codes and between codes and experiment. Here
improvements, especially in turbulence modeling for flows with shock-
induced and conventional (subsonic) separation w/o and with control, are still
needed.

o Discrepancies between computations and experiments could be noticeably
reduced by adjusting the freestream conditions, e.g., the Mach number, in the
computations. Such a procedure is especially important in the case of shock
control by contour bumps (surface modifications) since the effectiveness of
such bumps is very sensitive to changes in the shock location and strength
which depend on the freestream conditions, namely, Mach number and angle
of attack.

For the control mechanisms investigated numerically, the effectiveness in
improving design and off-design conditions was found to be — qualitatively in
agreement with experiment — as follows:

¢ Discrete slot suction upstream of the shock boundary layer interaction region
— or, at subcritical conditions, at the onset of the sustained rear adverse
pressure gradients — reduces drag up to 6% with the experimentally
determined maximum drag reduction being 7.5%. Slot locations downstream
of the interaction region are less effective in reducing drag.
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o Buffet onset and the buffet process could only be noticeably affected by
discrete shock-upstream suction or suction at the foot of the shock when
extreme suction rates, not realizable in actual aircraft installations, were
applied; downstream slot locations were found to be superior even at realistic
suction rates.

¢  Shock control by contour bumps control was found to be the most effective of
the control mechanisms investigated with maximum drag reductions of up to
20% predicted for an optimized bump applied to a laminar-type airfoil.
However, bump effectiveness is very sensitive to changes in the freestream
conditions, suggesting an adaptive bump as the best control solution. Bump
control also positively affects buffet onset. Bump control with upstream
discrete slot suction has the potential to further increase control benefits.

¢ Bumps are somewhat less effective in case of sheared-wing flow with the
flow development associated with control, however, being the same as in the
2D case.

e Control by a perforated plate/cavity arrangement with part-suction and by
hybrid control, consisting of a passive cavity in the shock region and suction
downstream, always resulted, at realistic suction rates, for the airfoils
investigated here in an increase in drag due to the dominating effect of an
increase in viscous drag caused by this type of control.

As in the case of the basic experiments, future work is envisaged to
investigate a wider range of control mechanisms for aircraft performance
improvements, such as sub-boundary layer devices, including vortex generators,
mass-less air jets, reversed-flow flaps and other mini-flaps to control flow
conditions at the trailing-edge; furthermore, double-bumps — one located close to
the leading edge, one in the shock region of an airfoil or wing. Emphasis will also
be placed on the combination of suitable control devices. The freestream
conditions shall include high-lift, low speed regimes as well as the transonic speed
range. Computational methods shall be extended, if needed, to treat these types of
control but shall also be improved with regard to the incorporation of new
turbulence models and computational procedures on the basis of the lessons
learned during the present investigation.

5 Airfoil and Sheared-wing Experiments with and without
Control (Task 3)

The objective of the present studies was to investigate, mainly experimentally,
the effect of various shock and boundary layer control techniques on the design
and off-design performance of airfoils and swept wings. The investigations
concentrated on airfoils designed to have moderately to highly accelerating flow
on the upper surface at transonic conditions — the latter typical of laminar designs
— since these airfoils have a larger potential for improvements at design
conditions, where shock waves are, generally, already present, and, in addition,
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exhibit smaller margins between the design point and the drag-rise and buffet
boundaries compared to configurations with plateau-type pressure distributions
characteristic of turbulent-airfoil designs.

The comprehensive wind tunnel test program performed was designed to
provide an extensive data base for airfoil and wing configurations with and
without control for 1) a large Reynolds number range, 2) different boundary layer
characteristics ahead of the shock wave, and 3) different shock strengths. The data
base thus established was used, as already discussed, extensively to assess the
computer codes considered in Chapter 4 and to demonstrate the aerodynamic
efficiency of potential control techniques up to conditions typical of flight. The
incorporation of selected control concepts into actual wings and the assessment of
the associated overall benefits and penalties shall be discussed in Chapter 6. The
present work was carried out by DERA [5.1] and DLR [4.15, 4.16, 4.17].
Concerning details of the investigations, the reader is also referred to Chapters 19
and 20.

5.1 Experimental Program

The experimental program was divided into two parts: firstly, an investigation
of the influence of Mach number and angle of attack (lift) on the effectiveness of
various control systems was carried out by DLR on two airfoils, viz., the ADIF
airfoil, also as a reference for the corresponding sheared-wing experiment, and the
laminar-type DA LVA-1A airfoil already employed during the EUROSHOCK (I)
project for the investigation of passive control by ventilation [4.14]. The focus of
the present work was on the determination and analysis of airfoil performance
gains due to control by contour bumps and its dependence on Mach number and
angle of incidence [4.15, 4.17]. A similar program was carried out for the
infinitely-swept sheared-wing model based on the ADIF airfoil [4.16, 4.17].

The second part of the investigation comprised detailed steady pressure
measurements carried out by DERA [5.1]. The model of the DERA DRA-2303
airfoil was tested up to Reynolds numbers approaching of full scale at conditions
up to and exceeding buffet onset. Control schemes included discrete suction,
active control by a perforated plate / cavity arrangement with part-suction, and
hybrid control by a passive cavity in the shock region in combination with suction
downstreamn. The measurements allowed the flow development in the control re-
gion to be related to the overall performance of the airfoil.
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52 DLR Airfoil and Sheared-wing Experiments

Experiments at various Mach numbers and associated angle of attack sweeps
were carried out with the A340-type airfoil ADIF and the laminar-type airfoil DA
LVA-1A, respectively, in the no-control datum configuration and with control by
contour bumps of different heights. The measurements were performed in the
Cryogenic Ludwieg-tube wind tunnel of DLR (KRG) [5.2]. In addition, tests with
a 26-degree infinitely swept wing (sheared wing), based on the ADIF airfoil, were
performed in the 1x1 Meter Transonic Wind Tunnel Géttingen (TWG) [5.3] in
order to determine sweep effects on control effectiveness. Control mechanisms
included here contour bumps, similar to the 2D configuration, a bump in
conjunction with discrete suction upstream, and passive and active ventilation via
a perforated plate / cavity arrangement, also in conjunction with discrete slot
suction.

5.2.1 Wind Tunnel Characteristics

The airfoils were investigated in the Cryogenic Ludwieg-tube of DLR
Gottingen (KRG): the tunnel is a short-duration facility with a test time of up to
one second consisting of a 130-meter long tube, a contraction section with a
contraction ratio of 3.6, an adaptive-wall test section, a combination of second
throat for Mach number control and quick-opening valve and a dump tank, Figure
55 [5.2]. The test section has a cross section of 0.40x0.35m’ and a length of 2m
which allows to obtain interference-free results for the model chords investigated
here, i.e., ¢ = 0.18m. The performance characteristics of the tunnel, which uses
gaseous nitrogen as test gas, are summarized in Figure 55.

The sheared-wing experiments were carried out in the 1 x 1 Meter Transonic
Wind Tunnel Géttingen (TWG) [5.3]. The TWG is a closed-circuit continuous
tunnel with a cross-section area of 1 x 1m” There are now three independent test
sections available: a perforated test section, 6% open with 60°-slanted holes, for
the Mach number range 0.40 to 1.3, an adaptive-wall transonic test section for the
Mach number range 0.3 to 0.95, and a supersonic test section for Mach numbers
of 1.4 to 2.2. The total pressure can be adjusted between 0.6 and 1.6 bar allowing
for some Reynolds number variation. The present investigation was performed in
the adaptive-wall test section to reduce wall-interference effects; the side walls of
the test section were, for the present tests, contoured, as outlined below, in order to
generate infinite swept-wing flow.

5.2.2  Airfoil Characteristics and Wind Tunnel Models
The ADIF airfoil is an A340-type modern airfoil with a thickness of about
12% chord. It has a moderately accelerating flow on the upper surface upstream of

the shock at near-cruise conditions. The shock position varies slightly with
changing freestream conditions, which is typical of airfoils with only moderate
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pressure gradients on the upper surface following the initial strong acceleration
around the leading edge (see, e.g., Figure 58). The cryogenic wind tunnel model of
the airfoil is depicted in Figure 56: the model has a span of 400 mm and a chord of
175 mm and is inserted between the wind tunnel side walls; the model
instrumentation, mainly consisting of static and dynamic pressure orifices, is
similar to the one for the sheared wing model, Figure 57. Various bumps,
optimized in a parametric study using a 2D coupled Euler/boundary layer method
[4.15, 5.4], and a discrete suction device upstream of the bump, which can be
employed independently of and in conjunction with the bump, are available. Note
that here only bump control has been investigated.

Gate Valve Telescope Dump Tank

Storage Tube Nozzle Adaptive Control Fast-Acting Bellows
Test Section Valve Valve
1 M

Blower A ,.
X x

Tube | Diameter 0.8 m Max. total pressure | 10 bar
Length 130 m Temp. range 100-300K
Charge pressure 12.5 bar Mach number 0.25-0.95

Test Cross section 0.40x0.35 m® | Max. Reynolds No. | 70x10°

section | Length 20m Run time 0.6to 1.0 sec
Model chord length 0.18 m

Figure 55 Schematic and characteristics of the Cryogenic Ludwieg-tube [5.2]

The LVA - 1A airfoil is a transonic laminar-type airfoil with a thickness of
12% chord. It was designed by EADS-Airbus D to have natural laminar flow on
the upper and lower surfaces up to 50% of the chord at a Mach number of M., =
0.73, a lift coefficient of C.= 0.4 and a Reynolds number of Re, = 20x10° [5.5].
The pressure distribution is characterized by a moderate-strength shock wave
occurring already at design conditions with strongly accelerating flow on the
upper surface up to the shock to sustain laminar flow. An essential feature of this
airfoil, especially important for shock control, is that with increasing lift coeffi-
cient, as the shock grows stronger, the position of the shock remains rather
unchanged. The model design, similar to the ADIF models, provides an
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exchangeable insert to accommodate various bumps which have been optimized as
described in Chapter 4.3.2.1 (see Figure 49). The model is equipped with two
chordwise pressure plotting sections with a total of 64 pressure orifices and two
dynamic pressure transducers positioned downstream of the shock control region
to determine pressure fluctuations, hence buffet behavior. Thermocouples are
located on the inside of the model wall to determine transition location.

Figure 56 Wind tunnel model of the ADIF airfoil with bump inserts and suction slot [4.15]

The Sheared-wing model, corresponding to the ADIF airfoil, Figure 57, has
been designed to study sweep effects on shock control [4.16, 4.17]. The wing has
a chord length of 400mm and a sweep angle of 26°. On the upper surface of the
wing there is a removable insert between 0.575¢ and 0.84c, similar to the ADIF
airfoil model. It allows the contour of the datum wing to be exchanged with a
bump contour or a perforated surface with a cavity underneath. Three different
bump contours with the same asymmetric shape and the same length of 20% chord
have been investigated with. the location and the height of the bumps being as
follows:

1) bump Ia: Xerest/C = 0.715,  hpymp/c = 0.1573%
2) bump Ib: Xerest/C = 0.715,  hpyaypf/C = 0.3146%
3) bump II: Xerest/C = 0.760,  hpymp/c = 0.1573%

The perforated plate / cavity arrangement was placed between x/c = 0.60 and x/c =
0.75; the porosity was 8% and the diameter of the holes 0.3mm. A suction slot was
located at x/c = 0.55 and, in case of the ventilation insert, an additional perforated
strip of 1% chord length was placed at x/c = 0.80.

The model was equipped with conventional pressure orifices and with
dynamic pressure transducers for buffet detection, Figure 57. As was mentioned
before, the effective wind tunnel side walls are contoured according to stream
surfaces to achieve infinitely swept-wing flow conditions.
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Sections 1, 2 and 3: Static pressure orifices
Sections A and B: Kulites

Section 3
Section B
Ma_ Section 2

——

1000

Section A
Section |

3D Contoured endplates
2D Wedge

Figure 57 Test setup and instrumentation of the ADIF swept-wing configuration [4.16]
5.2.3 Experimental Results for the ADIF and DA LVA-1A Airfoils

Experiments with the ADIF reference airfoil model were carried out with and
without bumps. The results served as a reference for the investigation of sweep
effects and to verify the design and effectiveness of the surface bumps optimized
as indicated above. Based on the 2D numerical study and the experimental results,
a number of bump contours were chosen for the subsequent sheared-wing
investigation.

In the tests with the ADIF airfoil model angle of incidence sweeps were
performed at Mach numbers of Moo = 0.735, 0.755, 0.765 and 0.775 at a
Reynolds number of Re, = 8x10° with transition fixed at 30% chord on the upper
surface and 7% chord on the lower surface. Tests were also performed with free
transition, and the correspondingly thinner boundary layer, to investigate the
influence of the boundary layer displacement thickness on the effectiveness of the
contour bumps. The shape of the bumps is asymmetric with the initial ramp being
12% chord in length and the closure 8%. Two bump heights, viz., 0.175%c and
0.35%c, were investigated.

Typical pressure distributions and wake profiles for the datum airfoil and the
airfoil with the respective bumps at a Mach number of Moo = 0.765 and a lift
coefficient of C;, = 0.610 are presented in Figure 58: the bumps result in a
considerable spreading of the shock, indicative of a reduction in wave drag;
however, as is shown by the wake profiles, also viscous drag seems to be reduced
resulting at the conditions considered in total drag reductions of A Cp = 16% and
20% for the higher and the lower bump, respectively. It should be noted that the
higher bump exhibits here the lower drag reduction. Considering the
corresponding shock spread, one notices that there is an incipient expansion
following the initial pressure rise, and a second shock, causing the reduced bump
effectiveness due to an increase in wave drag — compared to the smaller bump —
also discernable in the wake profiles. When further decreasing the lift coefficient
this shock pattern will resolve into a strong double-shock system due to a
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mismatch between shock and bump location, as already discussed in Chapter 4,
leading to an increase in total drag relative to the datum airfoil as will be shown
below.

-1.8 T T T T T T T T T T s‘ -0.20
QO 'Datum airfoil, Cp,=0.6393,Cp=0.0125
%P A Bump h=0.175%c, C; = 0.6027, Cp=0.0100 ]
-1.4 [ O Bump h =0.350%c, C{ = 0.6126, Cp=0.0105 ] )
-1.2 FL ; B - 1 -0.10
Cp ;
10f ]
0.8 | - y/hk
0.6 - 4 0.00
-0.4
0.2
0.0 {# - 0.10
02 f]
0.4 xﬂ
0.6 1 . L 0.20
00 01 02 03 04 05 06 07 08 03 10 0.950 1.000
x/e P/Po

Figure 58 Pressure distributions and wake profiles for the ADIF airfoil without and with
bump control, M eco =(.765, Re, = 8x10°, CL = 0.610[4.15,4.17]

The corresponding drag polars, Figure 59, confirm the development indicated
by the single-point condition of the pressure distributions in Figure 58: drag
reductions of up to 20 drag counts (A Cp=0.0020) at a lift coefficient of Ci < 0.66
and up to 35 counts at higher lift coefficients, amounting to drag reductions of
17% and 23%, respectively, can be achieved. Also indicated in Figure 59 is that
the lower bump shows better performance at the lower lift coefficients, while the
higher bump is more effective at higher lift, i.e., in the presence of stronger shock
waves, but generates an increase in drag at lift coefficients below 0.55. Generally,
the results indicate the need for an adaptive bump in order to achieve full control
effectiveness.

In the test series with the DA LVAJA airfoil in the KRG, two different bump
contours with heights of hgyg/c = 0.20% and 0.40%, respectively, located
between x/c = 0.59 and x/c = 0.79, were investigated. An asymmetric shape was
used, similar to the bump contour of the ADIF airfoil. Angle of attack sweeps
have again been performed, here for three Mach numbers, viz., Moo = 0.76, 0.77,
and 0.78, at Re = 6x10° with transition fixed at 48% chord on both surfaces to
allow long runs of laminar flow.
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Figure 59 Drag polars for the ADIF airfoil without and with bump control
Moo =0.765, Re, = 8x10° [4.15, 4.17]

Representative results are presented in Figure 60 for a freestream Mach
number of Moo = 0.77: the comparison of the drag polars with and without
control indicates that for this laminar-type airfoil with strongly accelerating flow
on the upper surface, hence stronger shocks, the effectiveness of the smaller bump
starts already at lift coefficients between Cp = 0.01 and 0.02 with drag reductions
reaching at, say, C. = 0.40, already 19% [4.17]. The higher bump creates
additional drag at low lift coefficients but somewhat higher benefits in the
intermediate lift range, a result similar to the observations for the ADIF airfoil,
Figure 59, but not as extreme.

Figure 61 shows a Mach number sweep at the constant angle of incidence of o
= 1.0°. The beneficial effect of the bump in increasing the drag-rise boundary is
clearly demonstrated. Even more significant, lift is increased at the same time.

5.2.4  Experimental Results for the ADIF Infinitely Swept Wing

Tests with the ADIF sheared-wing model were performed in the 1x1 Meter
Transonic Wind Tunnel two-dimensional adaptive-wall test section [4.16, 4.17].
The tests were mainly carried out at a Mach number of M., = 0.852 and a
Reynolds number of Re. = 6.7x10°% i.e., the design condition for the contoured
side walls. Due to a contamination of the leading edge, transition had to be fixed
at 10% chord on the suction side; on the pressure side transition was fixed at 15%
chord. Since a swept adaptation of the top and bottom walls — to achieve wall-
interference-free flow — was not possible in the 2D adaptive-wall test section, the
best approach for adaptation was investigated prior to testing with the 3-D Navier-
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Stokes code FLOWer [4.16], simulating the flow about the model in the test
section. It was found that the best agreement of the pressure distributions with the
undisturbed swept-wing case was achieved with a wall contour corresponding to
the center streamline of an unbounded flow around the model. Therefore, the
pressure distribution at the centerline of the top and bottom wall was used for the
adaptation process.
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Figure 60 Drag polars for the DA LVA-1A airfoil without and with bump control
Moo =0.770, Re, = 6x10° [4.17]
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In addition to the top and bottom walls, the side walls of the test section were,
as mentioned above, contoured to achieve infinitely swept-wing flow. Since the
wall contours depend on the wing geometry and the flow conditions, the contour is
correct only for one (design) point, here M.. = 0.852, Re, = 6.7 x 10°, &/ = 0.0°.
The pressure distributions for the three span-wise stations S1, S2 and S3 (see
Figure 57) exhibit a rather small span-wise gradient indicative of the successful
design of the wall contours, Figure 62. At off-design conditions, the flow differs
slightly from the infinite swept-wing flow, mainly in that the sweep angle of the
shock is not the same as the geometrical sweep angle and the trailing edge
pressure is not constant in span-wise direction. The influence of the different
means of shock control on drag reduction and buffet onset is, nevertheless,
primarily judged at the design point of the contoured side walls.

Ma = 0.852 a=0.0°
Re = 6.7-10% x,/c =0.10/0.15

+—= 81, z/c=0.45 %
o——o0 S2, 2/¢=0.0 -
>——-—> 83, z/c=-0.45

1 .0 ] 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Figure 62 Effectiveness of contoured side walls at the design condition, ADIF sheared
wing, M., = 0.852, Re, = 6.7 x 10°, ¢¢ =0.0° [4.16]

5.2.4.1 Hybrid Control by passive ventilation/suction

The effect of passive control by a perforated surface / cavity arrangement has
been investigated extensively within the EUROSHOCK (1) project [1.5]. It was
found that wave drag may be reduced substantiaily by this type of control due to
the displacement effect of the ventilation in the shock region weakening the shock;
however, primarily for laminar-type airfoils a dominating increase in viscous drag
occurred, not only nullifying the reduction in wave drag but leading to an increase
in total drag. For turbulent airfoils, the drag reduction was only marginal and
limited to specific freestream conditions. Therefore, a combination of passive
ventilation in the shock region with boundary layer suction downstream and
upstream, respectively, of the passive control region has been studied during the
present investigation [4.16, 4.17]. This type of hybrid control was expected to
reduce the increase in viscous drag and hence reduce total drag.
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Since hybrid control by discrete suction downstream of the passive cavity is
also considered by DERA for the DRA-2303 airfoil and discussed below, we will
here look at the effect of upstream discrete suction in conjunction with passive
cavity ventilation in the shock region, Figure 63: pure passive ventilation leads to
an increase in total drag of ACp = 11% at the design point of the side-wall contour
— despite a decrease in wave drag — which can clearly be identified as resulting
from the dominating increase in viscous drag. If the ventilation is coupled with
boundary layer suction upstream of the interaction region, viscous drag is reduced
— and wave drag possibly increased — resulting in a situation where any further
decrease in viscous drag by suction is exactly compensated by a wave drag
increase so that a total drag reduction is not achieved. These global results are, of
course, in perfect consent with the local results obtained in the basic experiments
(also see Chapter 3). A drag reduction is, however, achieved by suction at the
lower lift coefficients where shock waves, hence wave drag, are of minor

influence; furthermore, at high lift coefficients where the wave-drag increase is

less severe. It will be seen in Chapter 5.3.3 that hybrid control employing
downstream suction leads to similar results.
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Figure 63 Hybrid control effects on the drag polars of the ADIF sheared-wing
configuration, M.. = 0.852, Re, = 6.7 x 10° [4.16, 4.17]

5.2.4.2 Flow control by bump and by bump plus suction

The influence of contour bumps of different heights, here hgym, = 0.1573%c
and 0.3146%c, respectively, with crests located at 71.5% chord, is generally
similar to the effect at 2D conditions: at the (side-wall contour) design Mach
number M.. = 0.852, the higher bump leads at lower lift coefficients to a
considerable increase in drag, while at lift coefficients of C. > 0.53 a drag
reduction occurs with the sensitivity of the drag reduction to bump height,
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however, negligible (see Figure 52). At the design point of the side walls, a drag
reduction of about 8% is achieved for both bumps.

A more interesting test case, since not considered in the 2D experiments —
but treated numerically in conjunction with the DRA-2303 airfoil in Chapter 4 —
is the bump in combination with upstream discrete suction. The effect of this type
of control on drag reduction is demonstrated in Figure 64: considering again the
design point of the side walls, one observes that the bump by itself — denoted Cq
= 0.0 — reduces drag, as mentioned above, by 8%. Applying a low suction rate
upstream reduces drag by 12%, while the somewhat higher suction rate causes a
further drag reduction of up to 22%. The corresponding surface and wake pressure
distributions in Figure 65 indicate that the bump reduces wave drag due to the
spreading of the shock as well as viscous drag; adding suction does not necessarily
increase wave drag — thanks to the now more effective bump — but reduces
viscous drag which is indicated by the better pressure recovery over the rear of the
wing but also by the narrowing of the wake [4.16, 4.17].
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Figure 64 Drag polars for the ADIF swept wing with control by bump and bump plus
upstream suction, M., = 0.852, Re, = 6.7 x 10°, hpump = 0.1573%c [4.16, 4.17]

Comparing now the 2D and 3D results with regard to the bump drag reduction
potential, the following must be considered. In the case of the swept-wing
experiments, transition had, as already mentioned, to be fixed at 10% chord on the
upper surface. This lead to a larger boundary layer thickness, with some inherent
spreading of the shock, than in the 2D case, where the effect of the high Reynolds
number at flight conditions, i.e., a thin boundary layer, was simulated by
duplicating the displacement thickness upstream of the shock by fixing transition
at 30% chord. If one now regards the boundary layer suction upstream of the
shock as a means of Reynolds number simulation, it is possible to determine the
effect of sweep on drag reduction by the bump: at the design point of the side
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walls (Cp = 0.57), the drag reduction for the swept wing configuration is slightly
lower than in the 2D case at similar conditions, i.e., 22% versus 23%, a result also
predicted by the computations discussed in Chapter 4.

Figure 65 Surface and wake pressure distributions for the ADIF swept wing with control
by bump and bump plus upstream suction, M..=0.852, Re.=6.7 x 10°, C =0.55 [4.16, 4.17]

The bumps considered up to now were essentially designed for drag
reduction. They were less effective in shifting the buffet boundary to higher lift
coefficients. Therefore, Bump II, which is placed just downstream of the shock
and does not reduce the shock strength at all, was introduced. As indicated in
Figure 66, where the effect of various means of control on the buffet boundary are
compared, this rear bump is very effective in shifting buffet onset to a higher lift
coefficient by its positive influence on separation. The buffet boundary is here de-
fined according to Criterion C3, onset of (major) unsteadiness [4.16].

53 DERA Large-scale Airfoil Experiments
5.3.1 Wind Tunnel Characteristics

The DRA-2303 airfoil was tested in the 8ft x 8ft Subsonic-Supersonic wind
tunnel at DERA Bedford in the datum configuration and with various controls
[5.1, 5.6]. The tunnel is a variable pressure, closed circuit, continuously running
facility with a solid wall working section, Figure 67; therefore appropriate
corrections have been applied to the data to account for tunnel-wall interference
and blockage. Normal force and pitching moment coefficients were determined by
appropriate integration of the surface static pressures around the airfoil and
sectional drag was inferred from pitot- and static-pressure measurements obtained
from the large wake rake depicted in Figure 67.
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Figure 66 RMS-values of the pressures at 90%-chord, ADIF swept wing with control
M.. = 0.852, Re, = 6.7 x 10° [4.16]

Figure 67 DRA 2303 airfoil in the working section of the DERA 8Ft x 8Ft tunnel [5.6]
5.3.2  Airfoil Characteristics and Wind Tunnel Model
The DRA-2303 airfoil section was designed to be representative of a laminar-

flow section with long runs of favorable pressure gradients on both the upper and
lower surfaces extending to 50% chord close to the design conditions, i.e., a
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freestream Mach number of M., = 0.68 and a lift coefficient of C; = 0.50 [5.6].
The 635mm-chord model consists of a main spar with detachable leading- (O to
0.17¢) and trailing-edge (0.7 to 1.0 c) sections, Figure 68. On the upper surface of
the main spar there is a removable panel between x/c = 0.39 and 0.69 allowing
various control systems to be inserted; an insert was also manufactured to form the
original profile. The airfoil, including inserts, was equipped with static pressure
holes at three spanwise plotting stations on the upper and lower surfaces. Various
pressure measuring stations were located inside the cavity. The characteristics of
the various inserts are as follows:

1) Porous surface between 0.475¢ and 0.625¢ (Active Suction)

2) Porous surface between 0.45¢ and 0.46¢ (Discrete Suction)

3) Porous surfaces between 0.474c and 0.625¢ and 0.65¢ and 0.66¢

(Hybrid Suction)

The open area ratio of the suction surface was in all cases 4% based on local area;
the perforations were formed by laser-drilling with a nominal diameter of 0.076
mm. Calibrations of the surfaces showed that for both, flow into and out of the
cavity similar characteristics existed which were consistent with the hole diameter
specified.

5.3.3  Discussion of Results

The test conditions for the DRA-2303 airfoil investigations were: M., = 0.68
at a nominal Reynolds number of Re, = 19 x 10° and transition fixed at 5% chord
on the upper and lower surfaces. The angle of incidence was varied from
approximately o = -2° to 4°, the later being chosen to ensure that buffet onset
conditions were reached [5.1].

Region of laser-drilled perforation for active control

47.5% 62.5%

Plenum chamber

Figure 68 DRA-2303 airfoil model with insert for active control by part-suction [5.6]

5.3.3.1 Discrete suction

For the case of Discrete Suction, the variation of normal-force coefficient with
angle of incidence is shown in Figure 69a. It can be seen that the effect of varying
the rate of suction on lift is small. For the no-suction case, Cq = 0, the effect is to
reduce normal force by approximately Cy = 0.04 at a given angle of incidence at
the higher normal-force coefficients. As the rate of suction is increased, the
decrement in normal-force is restored; at the maximum suction coefficient of
Cq=0.00009, the normal force curve is almost indistinguishable from the datum
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(solid) airfoil case. This is somewhat in contrast to the computational results,
Figure 37, where the effect of discrete suction is found to increase lift for a fixed
angle of incidence, although only marginal. More pronounced lift increases were
also predicted by DERA for a turbulent airfoil due to discrete suction as a direct
result of increasing effective rear camber due to the reduced boundary-layer
thickness and rearward movement of the shock wave. For the present laminar-type
airfoil, there is, in the experiments, little evidence of camber increase or shock
movement due to suction which is probably a feature of this type of (laminar)
airfoil design where the favorable pressure gradient is ensuring that the boundary
layer is kept thin so that the benefits of discrete suction on lift are less than for a
turbulent design.

Figure 69b shows the variation of drag coefficient with normal-force
coefficient. For the no-suction case drag is increased; however, as the suction
coefficient is raised, drag is noticeably reduced. The increase in drag — as the
reduction in lift — for the no-suction case is probably due to the aerodynamic
roughness of the porous surface and some re-circulating flow in the porous
suction-strip region. The latter is also indicated by the pressure distributions in
Figure 70a where, at this condition, an initial pressure increase is seen.

The reduction in drag with suction coefficient appears to be monotonic,
suggesting that for higher values of suction, larger drag reductions should be
possible; furthermore, the use of a slot in place of the porous strip may be
beneficial. Clearly, the effect of suction is to cause changes in the boundary-layer
development downstream of the suction strip and, as already discussed in Chapter
4, a reduction in boundary layer thickness downstream of the interaction/control
region down to the trailing edge, all leading to a dominant reduction in viscous
drag. Ultimately — as the angle of incidence is increased — the tendency for
trailing edge separation diminishes. This is confirmed by the fact that suction
improves the normal-force coefficient for trailing-edge pressure divergence,
Figure 70b.

It is worth noting that the present scheme is primarily a boundary-layer
control device and therefore independent of flight condition. The true
effectiveness of the suction systems can, of course, only be assessed once
allowance is made for internal or ‘pump’ drag. The latter is depicted in Figure 71,
where, for the maximum suction rate applied, the drag variation with normal force
with and without an allowance for pump drag is plotted. It can be seen that pump
drag approximately halves the drag reduction due to suction with the reduction,
nevertheless, still being considerable [5.1].

5.3.3.2 Active and Hybrid Control

The case of Active Suction by a perforated plate/cavity arrangement shall not
be considered here separately but referred to in discussing the case of hybrid
control by means of a passive cavity in the shock region and active suction
downstream (also see Chapter 19).
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Figure 69 Effect of discrete suction on lift and drag coefficient, airfoil DRA-2303,
M..= 0.68, Re; = 19x10%, (X/C)ypus = 0.05 [5.1]
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airfoil DRA-2303, M., = 0.68, Re, = 19x10°%, (X/C)qans =.0.05 [5.1]

For the Hybrid-Suction case, the variation of normal-force coefficient with
angle of incidence is shown in Figure 72a: for high values of normal-force
coefficient ( Cy > 0.7 ) there is a considerable loss of normal-force for this
configuration, although it is not as large as that for the single-cavity active suction
system. There appears, otherwise, to be no discernible effect of suction with the
suction on and off cases essentially indistinguishable.

The variation in drag coefficient with normal-force coefficient is shown in
Figure 72b for varying suction rates. Here, the secondary suction control region
behind the ‘passive’ region is designed to reduce the additional viscous drag
generated by the passive re-circulation. Indeed, increasing suction reduces the
drag relative to the suction-off, passive case; however, it is clear that in order to
obtain significant reductions, it would be necessary to resort to very high suction
rates which, in turn, would result in a large ‘pump’ drag penalty. It is, therefore,
debatable as to whether a nett drag reduction can be achieved with this
arrangement. Another factor to be considered is that at high suction rates the flow
will choke in the holes of the porous surface, rendering any further increases
futile. This would suggest the possibility of either increasing the porosity or
replacing the downstream porous surface with a slot, but at the high suction rates
needed it would still appear unlikely that such a system would be viable.
Generally, the present results confirm the results discussed in Chapter 3, namely,
that unrealistically high suction rates are required to bring the boundary layer
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thickness parameters downstream of the interaction/control regions to levels
approaching the ones for the no-control case. The dominating effect of the
increase in viscous drag on total drag associated with hybrid control is here clearly
demonstrated since wave-drag reduction is unimpaired by this control scheme.
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Figure 72 Effect of hybrid control on lift and drag coefficient, airfoil DRA-2303,
M..= 0.68, Re, = 19x10°, (X/C)yans = 0.05 [5.1]

The above statement is supported by the pressure distributions in Figure 73a
at a lift coefficient of Cy = 0.60: clearly, the upstream passive cavity reduces the
shock strength, hence wave drag; however, considering the trailing edge pressure
as function of the normal force coefficient with and without hybrid control, Figure
73b, one sees that the pressure recovery in the case of control is much less than the
one for the no-control configuration and that applying suction downstream of the
passive cavity does not significantly improve the situation, a rather drastic
demonstration of the large boundary layer displacement thickness present over the
rear part of the airfoil upper surface causing the said increase in viscous drag.
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Figure 73 Effect of hybrid control on the pressure distribution, airfoil DRA-2303,
M..= 0.68, Re = 19x10%, Cp. = 0.60, (X/C)yqzns = 0.05 [5.1]

54 Conclusions and Future Work

The experimental results for airfoils and wings, designed for significant
extents of laminar flow on the upper surface, show that the application of shock
control in the form of ‘bumps’ significantly reduces total drag; analysis of the
experimental data shows that this derives from a large reduction in wave drag
whilst essentially having only a minor effect on viscous drag. For this class of
airfoil or wing this is extremely beneficial since strong shock waves tend to form
at a fixed chordwise position following the long favorable pressure gradient
necessary to maintain natural laminar flow. Two potential implementations of the
bump system therefore emerge: @ A fixed bump designed into the airfoil or wing
from the outset; the results presented here suggest that there is no viscous drag
penalty for having a bump present at all flight conditions, however, this type of
bump must be limited in height. @ A bump of variable geometry which can be
activated when necessary to reduce wave drag.

For ‘conventional’ airfoils and wings of ‘turbulent’ design the experimental
work carried out suggests that similar benefits can be obtained, however, a
complication for this class of wings is the potentially large chordwise movement
of the shock wave. In this case a fixed bump would lead to large drag penalties at
off-design conditions; however, a deployable bump could be utilized for certain
parts of the flight envelope. The best solution for this class of wing would appear
to be a ‘smart bump’ which could track the position of the shock wave and
therefore always be at an optimum. Such a bump could also be placed, as shown
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in the DLR tests, at a chordwise position that would allow to effectively increase
the buffet boundary. Both applications require a structure that can adapt to flight
conditions through the use of smart structures or shape memory alloys. It is in the
area of materials and structures that further work should be considered in order to
arrive at a practical implementation of such a system.

Aerodynamically, the application of bumps to a wing should pose no
significant problems. The studies of sweep effects carried out here suggest that the
flows are predictable and realizable, which is perhaps not surprising since ‘bumps’
are merely a surface shape change which is equally applicable in three as well as
two dimensions.

The use of suction, in general, does not appear to be a suitable solution to the
problem of drag reduction. The exception to this seems to be the use of Discrete
Suction by making the chord-wise extent of the suction region so small that a
maximum reduction in boundary layer momentum thickness can be obtained
whilst imparting the minimum increase in total skin friction. In the case of the
DERA investigation into discrete suction the system has been realized by the use
of a porous strip and it can be hypothesized that a slot may be better, since the
magnification effect on skin friction of suction through a porous surface is
eliminated. In addition, an inclined slot or one with a forward facing area, i.e., a
scoop, would have the additional benefit of utilizing the "total pressure" within the
boundary layer to help drive the system, as opposed to working with the static
pressure as in the case of the normal slot. This may help to overcome the
detrimental effect of pump drag on the overall drag reduction, although the
aerodynamic effectiveness might stay the same. However, whatever system is
adopted, the requirement for internal ducting which encroaches on the wing
internal volume (fuel volume) and the additional weight may negate the
advantages of such a system; these aspects will be further considered in Chapter 6.

The use of discrete suction has shown an additional benefit in delaying the
onset of trailing edge separation and hence, by implication, buffet onset. This
should be expected from the physical mechanism of the system: due to thinning
the boundary layer and by taking advantage of the magnification effect of the local
pressure gradients, the boundary layer at the trailing edge is thinner and more
robust than it would have been without suction, therefore flow separation is
delayed to higher angles of incidence or lift coefficients.

In summarizing, the wind tunnel tests on various airfoils and wings in several
major European wind tunnels have generated the following conclusions:

e Shock control via Bumps is very. effective at reducing wave drag by the ramp
effect that it imparts on the flow in the shock region.

e For laminar flow-type airfoils and wings, the wave drag reduction is not
accompanied by any increase in viscous drag, provided the placement of the
Bump is correct, which generally suggests an Adaptive Bump, especially for
turbulent airfoils.
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e Bumps were also found to have a positive effect on the buffet boundary,
especially when adapting the correct location for this purpose.

e The use of Discrete Suction leads to a nett reduction in drag for all values of
suction coefficient considered. The effectiveness of the system is also
independent of Mach number and lift coefficient, therefore making it of use at
all flight conditions.

e The effects of Discrete Suction in combination with a Bump are additive.

e Active Suction by a perforated plate/cavity arrangement is ineffective at
reducing drag for the configurations tested, the suppression of the passive re-
circulation effect and the associated viscous drag being insufficient at feasible
suction rates. '

e The Hybrid Suction system is unable to overcome the development of the
thickening boundary layer associated with the ‘passive’ control region. It is
probable that in order to reduce the boundary layer thickness sufficiently to
yield a reduction in drag, the rate of suction required would be such that the
benefits in terms of wave drag reduction would be nullified by the pump drag.

Future work concerning the application of a bump should essentially consider
the structural integration of adaptive bumps into existing and/or new wing designs,
turbulent or laminar. Especially for the former, emphasis should be placed on how
the incorporation of a bump may lead to the design of thicker wings with the
benefit of reduced structural weight, hence reduced costs and time to market.
Furthermore, other flow control mechanisms, aiming at drag reduction and the
avoidance of separation, such as, for instance, sub-boundary layer vortex
generators, mass-less air jets, and possibly trailing-edge mini flaps, should be
considered in combination with bumps, especially to maintain the margin between
the cruise regime — which may be extended by the bump — and the buffet
boundary. Concerning control involving cavity suction, emphasis should be placed
on applications where drag reduction is not the main driver, such as, for instance,
in the case of supersonic air intakes where the avoidance of separation and shock
oscillations as well as the establishment of the best possible flow uniformity are of
prime interest.

6  Benefits of Control Application to Aircraft Wings / Aircraft (Task 4)

The objectives of this study were the introduction of various potential control
methods, identified in the deliberations of all tasks, into existing or new wing
designs and the assessment of the benefits and penalties associated with the
aircraft implementation of control. In these investigations, ALENIA and Dassault
have studied the application of shock and boundary layer control to regional-jet
aircraft, while BAE SYSTEMS-Airbus UK and EADS-Airbus D considered the
application of control to a large A340-type transport aircraft with a turbulent and a
laminar wing design, respectively. Preceding the application studies were aircraft-
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specific investigations and optimization studies of control for the respective
airfoils and wings.

6.1 Control Assessment Criteria

When considering penalties and benefits of control, certain criteria have to be
established by which a design can easily be judged. Such criteria were suggested
by BAE SYSTMS-Airbus UK [6.1] and by Dassault Aviation [6.2]. The former
criterion is based on Cash Operating Costs (CoC) given by the formula

A CoC/CoC =0.49 A Cp/Cp + 1.9x10° AW +0.113 A me/mc.

Here, A Cp is the change in total aircraft drag due to control, A W (tons) is the
weight increase due to control installation and A mc/mc is the increase in costs
caused by the additional maintenance needed due to the control system. Dassault
Aviation has defined for a medium-size jet for the purpose of the evaluation of
control concepts a criterion based on the maximization of the range in the form

C=-10° ACp-0.068 AW-927 AV-2415m,

with A Cp, being the change in drag coefficient, A W (Ib) the change in weight
and A V (ft®) the loss in fuel capacity due to a system installation inside the wing
box; m (Ibs./s) is the total suction mass-flow rate removed through a suction strip.
The factor "C" must be positive for a control device to be considered for
application; C=0 just covers the penalties without any net gain.

6.2 Control Application to an A340-type HLF-Wing Aircraft

Work, carried out by EADS-Airbus D [6.3], is focussed here on the
application of the most effective shock and boundary layer control concept to a
Hybrid-Laminar-Flow (HLF) wing of a long-range aircraft. The aircraft treated
approximates in wing and fuselage size and planform and in the wing structural
and control surface layout the A340 aircraft. The main driver for control is drag
reduction at design and off-design conditions. Note that this chapter treats the
control implementation in somewhat more detail since the work is characteristic
for the approach to be taken.

6.2.1  Assessment of Control Concepts

A laminar wing design as envisaged here requires — in addition to suction
around the leading edge — a continuously accelerating flow on the suction side
and, to maximize the benefit from laminarization, a shock location as far
downstream on the wing as possible. The latter is, of course, associated with an
increase in shock strength, hence wave drag, possibly nullifying the benefits of
laminarization, thus providing an ideal scenario for shock and boundary layer
control. Consequently, in a first step and in unison with the work within the other
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tasks, various control concepts were investigated with regard to their suitability for
application to a laminar wing design [6.3]. Among these concepts were active con-
trol by means of a perforated plate/cavity arrangement, by discrete slot suction and
by contour bumps, Figure 74.

Figure 74 Control concepts considered in conjunction with the HLF wing [6.3]

The results of applying these control devices to the laminar-type airfoils
considered within the present project, i.e., the DRA-2303 and the DA LVA-1A
airfoil, respectively, can be summarized as follows, especially reflecting the
present EADS-Airbus D numerical studies [4.5, 6.3]:

¢ Active shock control by part-suction reduces the detrimental viscous drag
present for passive control, but as the suction rate is increased, wave drag also
increases, and, accounting for pump drag, an insufficient nett-gain is realized.

¢ Discrete suction mainly reduces viscous drag while wave drag increases,
Figure 75. Nevertheless, a reduction in total drag of up to 10% can be
achieved. The suction rates are, however, such that pump drag will nearly
nullify the aerodynamic drag reduction. Even if pump drag accounts for only
half the gain, as found by DERA and discussed in the Chapter 5.3.3.1, a drag
reduction of 5% seems not sufficient to render the installation of a suction
system worthwhile as will be demonstrated in Chapter 6.5.

e The contour bump device seems to be able to produce a substantial drag
reduction, as shown in the preceding discussions. Its effectiveness is,
however, sensitive to changes in the freestream conditions so that only an
adaptive bump, associated with increased installation penalties, might be
suitable.

Nevertheless, due to its superior performance, the bump was selected for
implementation on the HLF wing.
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Figure 75 Drag balance for discrete suction at different slot locations, airfoil DRA-2303,
M..= 0.68, Re, = 19x10°, Cp = 0.74, (X/C)izans = 0.05 [6.3]
6.2.2  Bump-Control Optimization Studies

As already indicated in the conclusions to Chapter 5, there exist two possible
bump arrangements for a laminar wing with a relatively fixed shock position: ® a
fixed bump of small height which is moderately effective over a larger range of
lift coefficients and does not lead to significant drag increases in the basic design
range of the airfoil, and @ a bump, with fixed location but variable height to
realize the large potential in drag reduction already demonstrated (see, for
instance, Figures 59 and 60). Such an "adaptive" bump may, however, require
strong modifications in the wing design.

A bump optimization study was initially carried out for the laminar-type
airfoil DA LVA-1A, already addressed in Chapter 4, Figure 49, at a Mach number
of M.. = 0.76 and a lift coefficient of C; = 0.47. This study lead to the following
results [6.3]:

Bump location The bump is in an optimum position when the pressure rise
due to the shock is converted into an isentropic compression and a subsequent
weak shock. When the shock is too far forward, an initial compression occurs
followed by a rapid expansion and a strong shock considerably increasing
wave drag, hence total drag, Figure 76, upper diagram.

Bump shape The shape of the bump, for instance, a ramp, a fixed beam, a 31
order polynomial, or a sinus function, has only a minor effect on drag (A Cp
= 3%), with the fixed beam, nevertheless, giving the largest drag reduction.
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o  Bump length and crest location For a fixed crest location, lg/cg, an increase in
bump length results in an increase in drag reduction due to the spreading of
the pressure rise associated with the shock over a larger chordwise region. For
a fixed bump length, here at its structurally feasible optimum of lg/c = 20%,
the maximum drag reduction is a function of the crest location with a
maximum drag reduction of about 18% occurring for cp/lz = 50%, i.e., for a
symmetrical bump; the crest is located about 2% chord downstream of the
shock, Figure 76, lower diagram. It should, however, be noted that a more
rearward (asymmetrical) crest location is somewhat less sensitive to shock
movement due to its wider minimum and might, therefore, be preferred.

e  Bump height The effect was discussed in Chapter 4, Figure 49. The bump
effectiveness generally increases with bump height up to a certain height
where, when exceeded, a rapid deterioration of effectiveness occurs. For
optimized conditions drag reductions of up to 25% may be realized for a
bump height of hg/c = 0.5%.

The present optimization, although generally valid, was carried out at a fixed
freestream Mach number and lift coefficient indicating that an optimized bump
has the following characteristics: bump length 20%c, crest location at 70% of the
bump length to achieve a somewhat reduced sensitivity to shock movement, fixed-
beam contour, bump height at the lift coefficient considered (Cp = 0.47) 0.5%c,
but otherwise variable to adjust to shock strength (lift), with the bump crest
located about 2% downstream of the inviscid-outer-flow shock position.

6.2.3  Hybrid Laminar Flow Wing Section and Bump Design

For the evaluation of the benefits and penalties associated with introducing
bump control into a hybrid laminar flow wing of a long-range A340-type aircraft,
a wing section was employed originally designed for a wing glove to cover the
basic A340 wing at a spanwise station of 7] = 0.50 [6.3] (see Figure 80). The

pressure distributions for this wing section are shown in Figure 77 for the chosen
design Mach number M.. = 0.82 and the off-design Mach number of M., = 0.84
with the lift coefficient as parameter. The distributions are based on a sweep angle
of 26° and infinite swept-wing conditions assuming a flight Reynolds number of
Re, = 35x10°. Strong shocks but limited shock movements with changing Mach
number and lift are characteristic features of this design.

The off-design Mach number of M.. = 0.84 and the local lift coefficient of C_
= 0.43 were selected for the bump design. Based on the optimization described
above, a bump length of 20%c, a 70%-asymmetric shape and a bump height of
0.5%c were selected; the bump location for maximum drag reduction at these
conditions was found to be between x/c = 0.63 and 0.83 with the crest located at
xfc = 0.77, i.e., about 5% downstream of the shocks, the latter centered around
72% chord.
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and relative crest position on drag,
airfoil DA LVA-1A, M..=0.76,

Re, = 6x10°%, C. =047,
(X/C)irans = 0.50 [6.3]
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Figure 77 Pressure distributions for the HLF wing section at flight conditions,
wing section PHLF1, @) = 26°, Re, = 35x10°, (X/C)ans = 0.50 [6.3]

The drag polars for the design and off-design Mach number, respectively,
without and with the optimized bump, are shown in Figure 78: it is indicate that at
the design point of the wing section, M.. = 0.82, C. = 0.48, the bump is not
effective, although the shock is relatively strong, which is due to the bump being
located too far downstream of the shock; furthermore, a variable-height bump is
required — as expected — to cover the range of lift coefficients of interest.

Structurally, the optimized wing/bump design, as specified above, interferes
with the rear spar of the wing box, located at x/c = 0.64, and the spoiler, located
between x/c = 0.74 and 0.86, of the original A340 wing so that wing modifications
are needed. The wing box must be shortened and, assuming the integration of the
bump into the spoiler, one option considered here, the spoiler has to be enlarged
from 12% chord up to 23% chord, Figure 79. Furthermore, since strong shocks
mainly appear at the outer wing, the spoiler has to be extended to the wing tip,
Figure 80; for roll-control capability, a variable-camber (VC) flap is introduced
over the whole span replacing the aileron. This flap can possibly also be used to
fine-tune the shock location relative to the bump. The modification of the wing
structure for shock control is estimated to carry a weight increase of 0.25 tons.
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Figure 78 Drag polars of the A340 HLF wing section with variable-height adaptive-bump
device at design and off-design conditions, Re, = 35x10°, (X/C)yrans = 0.50 [6.3]

Figure 79 Integration of the adaptive variable-height bump control device into the
modified A340-wing spoiler [6.3]

624  Flight Mission Benefits

Based on the wing section drag characteristics at 50% span, the laminar wing
drag was corrected by the drag reduction due to the adaptive variable-height bump
device. The corresponding flight polars and the drag balance for the complete
aircraft at the two Mach numbers considered are shown in Figure 81. The highest
drag reduction of about 4% is obtained for Cp = 0.38 at the off-design Mach
number M..= 0.84 and for C, = (.58 at the design Mach number M..= 0.82.

With the given flight polars and the weight penalty, a standard North Atlantic
flight mission with a range of 3500 nm was investigated assuming 600 trips per
year at the cruise Mach number M., = 0.82 and 620 trips per year at the off-design
Mach number M., = 0.84, Figure 82. The flight profile has been predicted by the
standard procedure with steps of 4000ft for optimal flight altitude. At these
conditions, a reduction in fuel consumption per year due to shock control of about
353 tons (1.23%) at M.. = 0.82 and of about 792 tons (2.11%) at M., = 0.84 is
obtained from flight-mission computations. Using the formula for Cash Operating
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Costs (CoC) given above, a decrease of A CoC/CoC = 1.3% is achieved assuming
an average aircraft drag reduction of A Cp/Cp = 3%, the weight penalty of AW =
0.25 tons and an increase in maintenance costs of Amc/mc = 0.5%. A final
assessment of the bump control benefits/penalties can, of course, only be made
after a much more detailed device-integration study. For possible solutions to the
realization of an adaptive bump, which is actually beyond the scope of the present
investigation, the reader is referred to Reference 6.3 and Chapter 21.

Figure 80 A340 HLF wing with integrated adaptive bump device [6.3]

Flight Polar Drag Balance

G ACp/Cp %]

7 \ A340 HLF

™ A340 HLFSC
with bump height adaptation

Co

Figure 81 Predicted flight polar and drag balance for the A340 HLF-wing aircraft with
bump control [6.3]
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Figure 82 Flight mission profile for the A340 HLF-wing aircraft with bump control [6.3]

6.3 Control Application to an A340-type Aircraft with a Turbulent Wing

The objective of the present work, carried out by BAE SYSTEMS-Airbus
UK, is, similar to the study of EADS-Airbus D, to apply shock and boundary layer
control to an A340-type aircraft wing of existing turbulent design and a to new
turbulent wing, designed under consideration of the potential of control, and to
determine benefits and penalties of control implementation into the operational
aircraft [6.1]. The control mechanism considered is foremost the bump device.

6.3.1 Bump Control Optimization

Initially two-dimensional and swept-wing computations were performed for a
characteristic A340-type wing section using a full-potential VII code (BVGK) and
the BAE SYSTEMS Euler VII code, respectively, the latter in the infinite swept-
wing mode. Since the predicted shock location at the near-design Mach number
M.. = 0.84, i.e., (X/C)snocx = 0.70, did not match the shock location of the three-
dimensional wing, i.e., (X/C)shock = 0.63 — which was considered important for
subsequent structural considerations — the computations were repeated and
further computations carried out with the BAE SYSTEMS-Airbus 3D Euler VII
code for the complete wing which will be discussed here [6.1].
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In optimizing bump control for a turbulent wing, characterized by a rather flat,
slowly increasing upper surface pressure distribution, difficulties arise from the
rapid movement of the shock with changing C. and/or Mach number. This is
demonstrated in Figure 83 (for the wing plan-form see Figure 80): the shock
moves in the C_-range of interest, i.e., C;, = 0.5 to 0.6, over nearly 15% of the
chord, and over about 10% chord for a change in Mach number of AM=0.01. The
problem is exacerbated by the effect of the bump on shock movement as a result
of the sensitivity of the shock location to small changes in the trailing edge flow
conditions, here caused by the bump, which is characteristic for the "turbulent-
type" pressure distribution considered.
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Figure 83 Effect of Mach number and lift coefficient on shock position, A340 wing [6.1]

This shock behavior suggests that a fixed bump will give an effective benefit
only over a narrow lift and Mach number range centered around the design point.
This conclusion is supported by the results in Figure 84 for a bump of 0.2%c
height and a length of 12.5%c located 2% downstream of the shock at the design
condition M., = 0.82, C,, = 0.59. Here, the drag increments are plotted versus
M’CL/M gesigns i-€., effectively versus aircraft weight, at a fixed altitude. The C-
range over which the bump shows a benefit at M.. = 0.82, the design condition, is
approximately C. = 0.565 to 0.655, with the maximum drag reduction being A Cp
=0.00021 (2.1 counts); this level is unacceptably low. The bump is most effective
at off-design conditions, i.e., M.. = 0.81, C_ = 0.723, with ACp = 0.0007. The
aircraft operating C_-range is about 0.5 to 0.6 at M., = 0.82.

In an attempt to improve the effectiveness of the bump in general and, in
particular, over the required operating range, a study was performed, similar to the
EADS-Airbus D study for the laminar-type wing, varying the bump shape
parameters and its position. The largest effect was achieved by increasing the
bump height to hg = 0.30%c with the maximum drag reduction in the lift range of
interest being about A Cp = 0.0005 (5 counts); however, as already found for the
laminar-type wings, the lift range of effectiveness also narrowed down as the
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bump height was raised, Figure 85. Other parameters, such as the detailed bump
shape, including the crest position with respect to the bump chord, had little effect
on drag in the C; range of interest, any positive changes tending to occur at high
values of C.. Moving the bump location on the wing shifted, as expected, the
point of maximum drag reduction to a different lift coefficient.
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Figure 84 Bump effectiveness dependent on Mach number and lift coefficient
A340 wing, hg = 0.2%c, 1z = 0.125c¢ [6.1]
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Concerning the implementation of bump control, the following must be
considered: Over the operating C,-range at the design Mach number M.. = 0.82,
the wave drag of the basic wing varies from about A Cpw = 0.0005 (5 counts) at
C. = 0.5 to about ACp = 0.0019 (19 counts) at C. = 0.60. Assuming a drag
reduction of 4.5 counts possible at the bump design lift coefficient of C; = 0.59
gives a maximum overall drag benefit of about 25% of the wave drag. Assuming
further, for the benefit of argument, the total aircraft drag to be Cp = 0.030 (300
counts), the drag reduction for the complete aircraft would be about 1.5%. An
average drag reduction of 3% was achieved and utilized for the laminar-type
aircraft mission calculations considered above. There, the wave drag at off-design
(M.. = 0.84), indicative of the potential for wave drag reduction, amounted to
about Cpy = 0.0040 (40 counts). The lesser drag reduction will, of course, be
reflected in the mission benefits considered below.

6.3.2  Assessment of Bump Control Effects on Aircraft Performance

Assessments have been made of the benefits attainable over typical mission
profiles, taking into account the aerodynamic benefits over the operating C, -range
as well as the weight penalties associated with the bump installation, here assumed
to be AW =0.50 tons for a variable-geometry bump and AW = 0.20 tons for a
fixed bump. The drag reduction characteristics for the “variable” bump were taken
to be the same as for the fixed bump, where that offered a drag benefit, with zero
penalty at off-design, assuming that the bump could be retracted. No variation in
the chord-wise position of the bump was assumed. The results are tabulated below
for both bump types. The maximum reduction in A CoC is 0.4% compared with
the 1.3% for the mission of the laminar-type-wing aircraft.

Table 8 Performance benefits due to bump control for typical missions

ABLOCK FUEL ASPP*
AIRCRAFT ACoC
3000nm | 5000nm | 7000nm | RANGE
With Fixed
1 Fixe 0.3% 0.4% -0.4% 200m | -0.1%
Bump
With Variabl
1th Vanable 1.1% -1.5% -1.5% 95nm | -0.4%
Bump

* SPP - Standard Passenger Payload

The CoC could, of course, be further reduced by also making the bump
adaptive in the chord-wise direction, especially in conjunction with a further
increase in height. Furthermore, operating the aircraft at off-design conditions,
e.g., within the drag rise, which can often not be avoided, would definitely lead to
larger benefits as shown by the study of the laminar A340-type aircraft.
Unfortunately, the study of the application of the bump control concept to a new
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wing design, incorporating the bump into the design, as intended, could not be
performed due to time limitations.

64 Control Application to a Regional-Jet Aircraft

The objective of the work undertaken here was to select suitable airfoil/wing
configurations for a regional-jet aircraft and to incorporate shock and boundary
layer control mechanisms into these wings. For the wing/control configurations
selected, benefits and installation penalties were to be determined. Concerning the
control mechanisms considered, emphasis was, following the results of the other
tasks, essentially placed on control by a contour bump. and discrete suction,
respectively. The present work was performed by ALENIA [6.4] and Dassault
Aviation [6.2].

6.4.1 Bump Evaluation and Optimization

For the application to a regional-jet aircraft two airfoils were considered: the
laminar-type airfoil DRA-2303 and a Falcon-wing-equivalent turbulent airfoil. For
the former, computations were carried out by ALENIA, employing their steady/
unsteady Navier-Stokes code, for the datum airfoil and the airfoil with contour
bump obtaining results similar to the ones described in Chapter 4. The DRA-2303
airfoil was then incorporated by ALENIA into a regional-jet wing including bump
control; performance benefits for the aircraft are described below [6.4].

For the second — Falcon-equivalent — turbulent airfoil, two Mach numbers
were defined, viz., M.. = 0.72 equivalent to a nominal cruise Mach number, and
M.. = 0.765 corresponding to an off-design condition. The original airfoil was
slightly modified to reproduce the 3D-wing shock locations at these conditions.

Initially, a symmetrical bump device was optimized by ALENIA for the
design Mach number but a higher-than-cruise angle of incidence, M.. =0.72, & =
2.6°% the optimization resulted in a bump length of 1z = 20%c, a height of hg =
0.20%c and a crest location at 60%c. Possible drag reductions are shown in Figure
86 with a representative airfoil pressure distribution depicted in Figure 87 [6.4].
Drag reductions of up to 7% are achieved at the design point of the bump.
Dassault Aviation has carried out similar computations for the design Mach
number — with similar results — but also for the off-design Mach number of M.,
= 0.765; here, the bump showed only negligible benefits due to a mismatch
between shock and bump location [6.2].

As a consequence of these somewhat unsatisfactory results, Dassault
optimized an asymmetric bump with the relative crest location at 1/l = 80%, a
bump length of lg/c = 20%, and bump heights of hg = 0.20%c and 0.40%c,
respectively [6.2]. At the design Mach number M.. = 0.72, the bump crest was
located at 58% of the airfoil chord, at M.. = 0.765 the crest was located at 66%c,
i.e., about 3% downstream of the shock position. The results, Figure 88, show
drag reductions for the higher bump at M., = 0.72 of about 11% throughout the
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range of lift coefficients investigated, while at the higher Mach number generally
drag reductions of 20% are obtained due to the higher bump. One may conclude
that, although drag reductions for the regional-jet airfoil investigated are small at
cruise conditions, a worthwhile enlargement of the flight domain may at least be
achieved. We will return to bump control in conjunction with the incorporation of
a bump (and of a suction slot, respectively) into the Falcon wing in Chapter 6.4.3.
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Figure 86 Effect of a bump on drag, Falcon-type airfoil, M., = 0.72, Re, = 8x10° [6.4]
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Figure 88 Effect of control by an asymmetric bump on drag, Falcon-type airfoil
M..=0.72, Re, = 8x10° [6.2]

6.4.2 Performance Improvement for a Laminar-Wing Regional-Jet
Aircraft

In order to assess performance improvements possible for a regional-jet
aircraft due to bump control, a corresponding (simplified) aircraft was generated
deriving its characteristics from data for existing jets: the wing has a 26°-swept
leading edge without twist and a constant airfoil section in span-wise direction,
Figure 89 [6.4]. The airfoil corresponds, as mentioned above, to the DRA-2303
airfoil without and with bump. The bump, when present, is fitted over the entire
span. The horizontal and vertical tails have constant symmetrical NACA-0100
airfoil sections and the nacelles are axis-symmetric.

The code used for polar computations is a 3D Full Potential/Boundary Layer
code; computations were performed for the design Mach number M., = 0.73 at lift
coefficients between C; = 0.15 and 0.68. Results of the computations without and
with bump at a constant lift coefficient of C., = 0.54 are depicted in Figure 89 in
form of surface pressure distributions: quite obvious is the reduction in shock
strength due to the bump. It should be noted that with the bump present, the same
lift is obtained at a lower angle of attack.

The reduction in shock strength indicates that the bump reduces wave drag —
and, as an analysis of drag components has indicated, also viscous drag — which
leads, as shown in Figure 90, to the expected reduction in total drag. It is
interesting to note that, at the Mach number considered, the bump is effective over
the whole lift-range investigated: the drag reduction for the complete business-jet
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aircraft ranges from 2% to 6%, i.e., it is higher than the minimum given by
Dassault for making the introduction of control worthwhile, as will be discussed
below.

Figure 89 Effect of bump control for the regional-jet aircraft with laminar wing based on
the DRA-2303-airfoil, M., = 0.73, Cy_ = 0.54, Re, = 6.7x10%m [6.4]

Computations at the off-design Mach numbers M = 0.80, C; = 0.45, and
Moo = 0.50, C;, = 0.60, have indicated a negligible drag reduction of 1% for the
former and essentially no effect for the latter, again stressing the need for an
adaptive bump, preferably in conjunction with a wing design incorporating a
bump from the start.

6.4.3 Minimum Drag Reduction Requirements

Dassault Aviation concentrated strongly on the assessment of the penalties
associated with the introduction of control into a real aircraft and on the minimum
drag reduction required for making an introduction of control into a wing design
worthwhile. Considered here are the two concepts of control that have shown the
largest potential for performance improvement, namely, the adaptive contour
bump and discrete suction.
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Figure 90 Effect of bump control on drag reduction for the laminar-wing regional-jet
aircraft, M.. = 0.73, Re, = 6.7x10%m [6.4]

Following the evaluation of the asymmetric bump for the “Falcon-equivalent”
airfoil, technical implementation and evaluation studies for integrating a bump
system into the Falcon aircraft were performed [6.2]. Firstly, transferring the 2D-
results to wing conditions indicates that at the aircraft cruise Mach number M oo =
0.80 the bump should extend from 50% to 70% chord with the crest at x/c = 65%;
for a buffeting condition at Moo = 0.85, it should be located between 60% and
80% chord with the crest at 72% chord, Figure 91. This means, of course, that a
fixed bump either degrades cruise or buffet performance. Furthermore, the
position optimized for buffet control interferes with the wing box, the air-brakes
and the aileron. Thus, a fixed or an adaptive bump is not a viable solution for
retrofitting the existing aircraft. (Of course, the buffet boundary can also be
improved, if needed, by other means, such as, for instance, retractable flaps, as
indicated in the conclusions to Chapter 5.)

A new wing with an adaptive bump system — for details see Reference 6.2
and Chapter 24 — which is partly located in the fuel wing box and partly
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downstream of the rear spar, thus affecting fuel capacity and the height of the spar,
would result, in comparison to a conventional wing design, in a weight penalty of
264 lbs. and a fuel-capacity penalty of 4.6 ft. Applying the second criterion
proposed for the classification of concepts, viz.,

C=10° ACp—0.068 AW —9.27 AV - 2415 m,

where ACp is the change in drag, AW the weight penalty, AV the change in fuel
capacity due to the wing-box system installation and 71 the total suction mass-
flow rate, where applicable, results, for C =0, in
10° ACp = -60.5

or a minimum drag reduction of 3% for the complete aircraft to balance the penal-
ties, and in a drag reduction of at least 5% to make the installation worthwhile. It
will take a very careful and dedicated design to accomplish this but it is, following
the discussions in the preceding chapters, quite possible. Of course, these consid-
erations are very crude and very preliminary and restricted to the aircraft and
complexity of the bump control design considered. Nevertheless, these estimates
are in consent with the EADS-Airbus D evaluations discussed in Chapter 6.2.

The second concept investigated is discrete suction with the suction slot,
having a width of 10mm and a span of 3m, consisting of 6 individual slots divided
by the wing ribs; the slots are located at 50% chord, Figure 92. Taking the
maximum allowable mass-flow rate for the aircraft to be (.35 Ibs./s, given by
engine restrictions, leads to a suction rate of Cq = 0.00015 which is compatible
with the rates considered within the other tasks. The wing integration study leads
to a weight penalty of 140 Ibs. and a total loss of fuel capacity of 4.7 ft* resulting,
according to the formula given above, in

10° ACp = -137.6

or a minimum "zero-benefit" drag reduction for the complete aircraft of 6.8%
which is, following the investigations within the other tasks, hard to achieve by
pure discrete suction.

6.5 Conclusions and Future Work

The objectives of the present study were the introduction of various potential
control methods, identified in the deliberations of all tasks, into existing or new
wing designs, and the demonstration of the benefits and penalties associated with
the implementation of control. In these investigations, ALENIA and Dassault have
studied the application of boundary layer and shock control to regional-jet aircraft,
while BAE SYSTEMS-Airbus UK and EADS-Airbus D considered the
application of control to a large A340-type transport aircraft with a turbulent and a
laminar wing design, respectively. The main driver for control application was
considered to be drag reduction. Preceding the application studies were aircraft-
specific investigations and optimization studies of control for the corresponding
airfoils and wings.
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Generally, studies concerned with the efficiency of control devices in
reducing drag have led to the conclusion that the most potential device is the
contour bump, followed by discrete slot suction. In the present control assessment
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study, emphasis was, therefore, placed foremost on the bump control device with
some consideration, especially with respect to installation penalties, given to
discrete suction.

Concerning the Regional-jet Aircraft, the introduction of a laminar wing,
based on the DRA-2303 airfoil, has shown that drag reductions of up to 6% are
attainable near cruise conditions due to bump control, rendering this type of wing/
control combination worthwhile pursuing for future aircraft. Applying control to
existing turbulent wings is only effective in enlarging the operating range of the
aircraft. The potential of bump control can, however, be exploited for turbulent-
wing aircraft if the bump is adaptive and fully integrated into the design.
Concerning installation penalties, it was derived that for an adaptive bump system
a drag reduction of 3% is required to offset the installation penalties and that a
total drag reduction of about 5% is needed to render an installation attractive. For
a suction system installation, a "zero-benefit" drag reduction of 6.8% was
estimated to be required which is, following the discussions in Chapters 4 and 5,
hard to achieve.

For a large A340-type Transport Aircraft with a Hybrid Laminar Flow
wing it was found that variable-height bump control results in fuel reductions of
up to 2.11% on typical North-Atlantic missions, corresponding to savings in the
Cash Operating Costs (CoC) of 1.3%, rendering such an aircraft design, as in the
case of the corresponding regional-jet aircraft, worthwhile pursuing. For a similar
aircraft with an existing turbulent wing, bump effectiveness is rather limited due
to the large shock movements generally associated with a turbulent wing. Here,
reductions in CoC due to a retractable bump, considering typical missions, are
about 0.4% with higher gains to be achieved at off-design flight conditions which
are generally unavoidable but were not considered here.

For ‘conventional’ airfoils and wings of ‘turbulent’ design, the studies carried
out here have indicated that benefits similar to the ones for laminar-wing designs
can be achieved; however, the complication for this class of wings is the
potentially large chord-wise movement of the shock wave and the, by design,
rather weak shock at cruise conditions. Future work should, therefore, firstly
consider new wing designs with a bump integrated into the design. This way
thicker wings could be built with less structural weight and reduced time for
manufacturing — in addition to possible gains in performance. Furthermore,
adaptive bumps should be utilized which could track the position of the shock
wave and therefore always be at an optimum. Realizing such a bump, and
especially providing suitable materials and (smart) structures for such a bump, is
where further work should be considered in order to arrive at a practical im-
plementation of such a system. Of course, as already mentioned in conjunction
with the other tasks, other control devices, such as for instance vortex generators
and unconventional deploying devices, among them Gurney flaps, divergent trail-
ing edges and reversed-flow flaps, must be considered, individually and in
combination with the devices already investigated, for future improvements in air
vehicle performance.
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7  Assessment of Shock and Boundary Layer Control - A Summary

During the EUROSHOCK (I) project, passive control of shock boundary layer
interaction by means of a perforated plate/cavity arrangement was thoroughly
investigated in order to determine the improvements in the design and off-design
performance of transonic airfoils possible due to this type of control. It was found
that passive control was very successful in reducing wave drag associated with the
shock but that total drag was, for laminar-type airfoils, always increased and that
the gains for turbulent airfoils were rather marginal. The drag increase could be
traced to the dominating effect of an increase in viscous drag caused by the
perforation and the re-circulating flow in the cavity region and the amplification
effect due to the sustained rear adverse pressure gradients on the airfoil upper
surface. The buffet boundary could, however, be noticeably improved by passive
shock control [1.5].

The negative effect of passive shock control on drag lead to the numerical and
experimental investigation of the influence of active shock and boundary layer
control on the design and off-design performance of airfoils and wings. The
control mechanisms considered here were, based on the EUROSHOCK (I) results:

e Active control by means of a perforated plate/cavity arrangement with part
suction to overcome the detrimental effect of passive control on viscous drag.

o  Hybrid control, consisting of a passive cavity in the shock region with active
suction downstream of the passive cavity, with the same objective of reducing
viscous drag.

e Discrete slot suction upstream and downstream of the shock and at the foot of
the shock, respectively, to reduce viscous drag and to delay the onset of
separation.

e A contour bump in the shock region designed to reduce wave drag without
creating additional viscous drag; the bump was also investigated in
conjunction with discrete suction upstream of the bump, to possibly reduce
both, wave drag and viscous drag.

The effectiveness of control originates, of course, in the region where control
is applied. It is therefore appropriate to first consider the influence of control on
the (local) flow development in the shock boundary layer interaction region, and
here especially the effect on the boundary layer development, which was
determined in basic experiments with the following results:

e  Active single-cavity control with part-suction can reduce the boundary layer
thickness parameters downstream of the interaction/control region considera-
bly and, dependent on the suction rate, to the level of the no-control boundary
layer. Since some shock spreading still remains, wave drag is being reduced
while viscous drag (on airfoils and wings) is likely to stay the same. The
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suction rates are, however, at these conditions prohibitive corresponding to
almost 8 times the rate considered reasonable for aircraft installation.

o Hybrid control has a similar effect on the boundary layer development with
the shock spreading, however, contrary to the case of single-cavity control,
not affected by the amount of suction applied.

e Discrete slot suction reduces the boundary layer thickness downstream of the
interaction region to any level desired; however, as the suction rate is
increased — applying suction upstream of or at the foot of the shock — wave
drag also increases; downstream suction is less effective due to the thickening
of the boundary layer by the shock, has, however, the advantage that wave
drag is not or positively affected.

e A contour bump in the shock region, if placed correctly with respect to the
shock, reduces wave drag by shock-smearing, possibly without increasing
viscous drag, and, of course, without needing additional energy input as in the
case of suction.

The local flow development and the conditions downstream of the interaction/
control region as affected by control are, of course, reflected in the global flow
development on airfoils and wings and, correspondingly, in the aerodynamic
parameters of interest here, namely drag and the buffet boundary. The following
results were obtained for the airfoils and the sheared-wing configuration
investigated numerically and experimentally:

Active Suction by a perforated plate/single-cavity arrangement and Hybrid
Control always resulted — at suction rates considered realizable in aircraft
installations — in an increase in total drag due to the dominating influence of the
increase in viscous drag caused by the cavity and the amplification effect of the
sustained rear adverse pressure gradients. It is believed that in order to reduce the
boundary layer thickness (parameters) downstream of the interaction/control
region sufficiently to yield a reduction in total drag — which is, following the
basic experiments, quite possible — the rate of suction required would be such
that the benefits in terms of wave drag reduction would be nullified by pump drag.
The buffet boundary is, as in the case of passive control, positively affected.

Discrete Suction leads, if applied upstream of the shock, even at feasible
suction rates (here Cqy = -0.00009), to drag reductions of up to 7.5%. Pump drag
may account for about half that gain with a net drag reduction of 4% realistically
remaining. Applying suction at the foot of the shock or further downstream is less
effective in reducing drag, but more efficient in delaying buffet onset with
maximum gains in lift at buffet onset of 5%.

Bump Control in the shock region was found to be the most effective control
mechanism investigated with airfoil drag reductions of up to 23% at near-design
conditions for laminar-type airfoils and, similarly, at off-design for turbulent ones.
In case of the infinitely-swept sheared wing, drag reductions were slightly less due
to the lesser contribution of wave drag to total drag. The effectiveness of bumps is,
however, dependent on freestream conditions, i.e., on the position of the shock
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relative to the bump and on shock strength, suggesting an adaptive bump as the
most effective device, especially for turbulent airfoils where large shock
movements may prevail. Contour bumps were also found to have a positive effect
on the buffet boundary with increases of up to 10% in lift at buffet onset for
bumps located downstream of the shock. The effect of a bump in combination
with upstream Discrete Suction was found to be additive since both, wave drag
and viscous drag are being reduced.

The final step concerned the assessment of benefits and penalties associated
with the implementation of control into actual aircraft (wings). Here, mainly the
contour bump and discrete suction — the latter only with respect to installation
penalties — were considered. For an A340-type HLF-wing Aircraft a variable-
height bump resulted in savings in fuel consumption on typical long-range
missions of up to 2.11%, corresponding to reductions in Cash Operating Costs
(CoC) of 1.3%. For the aircraft with an existing turbulent wing, the range of
bump effectiveness is rather limited due to the large shock movements associated
with turbulent wings, and the inherent low wave drag at design. The benefits are,
therefore, also limited with reductions in CoC amounting to 0.4% for a retractable
bump. Higher gains can, of course, be expected if off-design flight conditions,
which are, in praxis, unavoidable, are included in the mission profile.

For a Regional-jet Aircraft with a laminar wing, based on the DRA-2303
airfoil, aircraft drag reductions of up to 6% were achieved near design due to
bump control, while with an existing turbulent wing, only the operating range of
the aircraft could be enlarged by bump control. Concerning installation penalties,
it was determined that for an adaptive bump a drag reduction of 3% is required to
offset the penalties, while for a suction system installation, a "zero-benefit" drag
reduction of 6.8% is required; the former is quite achievable, while the latter,
following the results obtained within the present project, seems hard to realize. Of
course, these results must be considered very preliminary and applicable foremost
to the aircraft and the specific systems installed.

In summarizing one may conclude that adaptive bump control, possibly in
conjunction with upstream suction, seems the most promising control approach
when drag reduction is the main driver. A laminar wing is inherently well suited
for bump control — actually without bump control hardly realizable — while for a
turbulent wing the benefits are rather seen in designing thicker, hence lighter
wings, reducing the associated higher wave drag by adaptive-bump control.

8  Overall Conclusions and Future Work

The specific objective of the research described here was to study,
experimentally and numerically, the effect of various means of active shock and
boundary layer control on cruise performance in terms of cruise drag and/or speed
and on the off-design performance, i.e., essentially the drag-rise and buffet
boundaries, of transonic airfoils and wings. It was, furthermore, aimed at clearly
defining the benefits and penalties associated with incorporating potential control
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methods into existing and new wing designs for typical transonic long-range
transport aircraft and, correspondingly, for regional-jet aircraft, considering
characteristic aircraft missions. Also to be provided were the tools needed for the
design of transonic wings with control, i.e., essentially the numerical codes able to
treat control, which requires a clear understanding of the flow phenomena
associated with control and the establishment of corresponding control laws and
boundary conditions.

The project was divided into four major, interrelated tasks, discussed in
Chapters 3 to 6, namely:

e Task 1 - Modeling of Active Control Phenomena, with contributions by
ONERA and the Universities of Cambridge and Karlsruhe.

o Task 2 - Prediction of Transonic Airfoil/Wing Flow with Control, with
contributions by CIRA, DLR, ONERA, INTA, the University of Naples and
EADS-Airbus D and ALENIA.

e Task 3 - Wind Tunnel Experiments on Airfoils and Wings with Control, with
contributions by DERA and DLR.

o Task 4 - Control Application Aspects, with contributions by BAE
SYSTEMS-Airbus UK, EADS-Airbus D, ALENIA and Dassault Aviation.

Task 1

Basic channel-flow experiments of shock boundary layer interaction and its
control at typical transonic shock-upstream Mach numbers were performed for
two-dimensional and three-dimensional swept-shock interactions, supplemented
by Navier-Stokes computations. The area of investigation was essentially from
upstream of the influence sphere of the shock to downstream of the interaction/
control region, i.e., studied was the local flow development as affected by shock
and boundary layer control which, of course, strongly shapes the global
developments associated with airfoil and wing flow.

The results, already discussed in detail in the preceding chapter, were, in brief:
by active single-cavity control with part suction the boundary layer thickness
parameters downstream of the interaction/control region can be considerably
reduced — compared to the passive control case — and, at extreme suction rates, the
no-control boundary layer can be reestablished with some shock spreading still
remaining. Hybrid control has a similar effect. Slot suction allows to reduce the
boundary layer thickness parameters downstream of the interaction/control region
to almost any level desired. The slot geometry and the location of the slot seem to
be of secondary influence on the effectiveness of the mechanism except that the
rear slot location is somewhat less efficient due to the thickening of the boundary
layer by the shock. The type of control and the suction rate applied determine, of
course, the magnitude of the contributing drag components, i.e., wave drag,
viscous drag and pump drag, which must be carefully balanced to achieve a net
gain in the case of airfoil and wing flow. On the other hand, a contour bump was
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found to reduce wave drag (without energy input) without increasing the boundary
layer displacement thickness downstream of the interaction/control region, which
is indicative of only minor effects on viscous drag.

Concerning the numerical simulation, the computations by Navier-Stokes
codes, employing various turbulence models, generally predicted the trends with
respect to the effect of control quite well. However, the levels in the pressure
distributions as well as in the boundary layer parameters were not always
satisfactorily determined. This was considered to be due to an insufficient grid
resolution in the control region and due to deficiencies in the turbulence models
employed. Concerning the latter, the Baldwin-Lomax turbulence model was
generally found to predict the flow development closer to the experimental results
than the other models investigated. Furthermore, the new control law of Bohning
and Doerffer, taking into account an outer transonic tangential stream, was
introduced; it gives, in the case of suction through perforated surfaces, more
accurate normal-velocity distributions in the control region than the previously
employed linear transpiration law.

Task 2

Computational methods, including steady and time-accurate Viscous-Inviscid
Interaction (VII) and Navier-Stokes codes, were extended and improved to treat
flows with shock and boundary layer control and subsequently employed to
evaluate control concepts in parametric studies. In a first phase, test cases were
defined to assess CFD capabilities as well as control concepts, then computations
for various airfoils and control mechanisms were performed. During and as a
result of the computations, codes were improved by grid refinements, especially in
the shock/control region, and by the introduction of the new control law of
Bohning and Doerffer.

Concerning the performance of the computational codes, the following can be
stated: for all configurations and control concepts investigated, the computer
codes arrived at the same qualitative results concemning drag and the
improvements in the buffet boundary. However, absolute levels in drag as well as
in drag changes due to control differed between codes and between codes and
experiment. Discrepancies between computations and experiments could,
however, be noticeably reduced by small changes in the freestream Mach number
in the computations, i.e., by matching effective freestream conditions. The latter is
especially important if the results are sensitive to the freestream conditions as is
the case for bump control.

For the control mechanisms investigated numerically the effectiveness in
improving design and off-design conditions has already been reported in the
preceding chapter, but briefly: shock and boundary layer control by discrete
suction upstream of the shock reduces drag by up to 6% — as compared to 7.5%
in the corresponding experiments — with slot locations downstream of the
interaction region being less effective. Buffet could only be positively affected
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when applying unrealistically high suction rates. Active single-cavity and hybrid
control resulted, at realistic suction rates, always in an increase in total drag.
Bump control was found to be the most effective control mechanism with drag
reductions of up to 23% attainable; the introduction of additional upstream
discrete suction resulted in a further decrease in drag. However, bump
effectiveness was determined to be very sensitive to changes in the freestream
conditions, suggesting an adaptive bump as the best control solution.

Task 3

Experiments with the ADIF airfoil and the DA LVA-1A laminar-type airfoil,
respectively, and the sheared wing, based on the ADIF airfoil, were carried out by
DLR without and with control to assess the effect of control and to determine the
influence of sweep on control effectiveness. Mainly considered were bump control
in the case of the airfoils, and bump and single-cavity control, respectively, both
also in conjunction with discrete suction, in case of the sheared wing. Discrete
suction, single-cavity active control and hybrid control on the large-scale model of
the laminar-type airfoil DRA-2303 were investigated by DERA.

The experimental results for airfoils and wings designed for significant
extents of laminar flow on the upper surface, show that the application of shock
control by bumps significantly reduces total drag which is essentially due to a
large reduction in wave drag with only little effect on viscous drag. For this class
of airfoil or wing this is extremely beneficial since strong shock waves tend to
form at a fixed chordwise position following the long favorable pressure gradient
necessary to maintain natural laminar flow. For "conventional" airfoils and wings
of "turbulent" design, the experimental work suggests that similar benefits can be
obtained, however, a complication for this class of wings is the potentially large
chordwise movement of the shock wave. In this case a fixed bump would lead to
large drag penalties at off-design conditions; however, a deployable bump could
be utilized for certain parts of the flight envelope with the best solution being,
however, a fully adaptive bump.

The use of suction, in general, does not appear to be a suitable solution to the
problem of drag reduction. The exception to this seems to be the use of discrete
suction where drag reductions of up to 7.5% were obtained by DERA. The results
could also be further improved by optimizing the suction slot geometry, replacing
the presently employed porous surface by a slot or a scoop taking advantage of the
total pressure in the boundary layer.

Task 4

The objective of the present study was the introduction of potential control
methods into existing or new wing designs and the assessment of the benefits and
penalties associated with the implementation of control. In these investigations,
ALENIA and Dassault studied the application of boundary layer and shock control
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to regional-jet aircraft, while BAE SYSTEMS-Airbus UK and EADS-Airbus D
considered the application of control to a large A340-type transport aircraft with a
turbulent and a laminar wing design, respectively. The main driver for control
application was considered to be drag reduction. As a consequence of the
aerodynamic control efficiency studies within all tasks, emphasis was here placed
foremost on the bump control device with some consideration, especially with
respect to installation penalties, given to discrete suction.

The results of the control application studies are briefly: for a Regional-jet
aircraft, equipped with a laminar wing, aircraft total drag reductions of up to 6%
near cruise could be realized, while for the aircraft with an existing turbulent wing
only the operating range, i.e., off-design conditions, could be improved by bump
control. Similar results were obtained for an A340-type aircraft where, on typical
long-range missions, for the aircraft with an HLF-wing savings in Cash Operating
Costs of up to 1.3% were achieved, while for an existing turbulent wing only 0.4%
were realized due to bump control. For the latter, it must, however, be
reemphasized that when considering flight mission profiles with and without
control, off-design conditions must be included into the mission profile since these
conditions can generally not be avoided. Concerning installation penalties, studies
for a Regional-jet Aircraft have indicated that for an adaptive bump installation
drag reductions of at least 5% are needed to render such an installation attractive,
while for a suction-system implementation at least 6.8% drag reduction are
needed; the former is quite feasible while the latter seems hard to realize.

Future Work: The "bump” has been identified to be the most effective device
when drag reduction is the main driver — with additional benefits related to
buffet. Aerodynamically, the application of bumps to a wing should pose no
significant problems. The studies of sweep effects carried out here suggest that the
flows are predictable and realizable. However, bumps should be adaptive to
changing flight conditions for maximum gain. This requires smart structures and
materials and it is here that further work should be considered in order to arrive at
a practical application of such a system. Furthermore, the potential of bumps in
allowing the design of thicker (turbulent) wings should be explored.

Future work should also consider a wider range of boundary layer and flow
control mechanisms, aiming at drag reduction and the avoidance of separation,
comprising, for instance, sub-boundary layer devices, including vortex generators
and mass-less air jets, reversed-flow flaps and other mini-flaps to control flow
conditions at the trailing-edge. Especially a combination of control mechanisms is
worth considering, a candidate being, for instance, a bump in conjunction with a
trailing-edge device to provide the required margins between the cruise regime —
enlarged by the bump — and the buffet boundary. The freestream conditions
should include high-lift, low speed regimes as well as the transonic speed range.
In these control studies it is important to consider the aerodynamic performance
improvements but also the improvements in structural design possible due to
control.
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Computational methods must be extended to treat these types of control; they
must also be improved by incorporating new turbulence models, this being the key
to any successful numerical treatment. Generally, physical models and boundary
conditions related to control must be studied further and improved models and
conditions incorporated into the computational codes. Finally, the efficiency of the
control mechanisms in improving aircraft performance must be demonstrated in
large-scale tests and the benefits and penalties associated with the implementation
of new control methods assessed.
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10 Introduction to the Individual Contributions
E. Stanewsky

DLR, Institute of Aerodynamics and Flow Technology
Bunsenstrasse 10, D-37073 Géttingen

In the preceding chapters an extended summary and résumé of the results
obtained during the EUROSHOCK II research program was presented.
EUROSHOCK 1I was, however, a team effort with the individual work adding up
to the final product. The Synopsis is therefore followed by a more detailed
description of the work performed by the various members of EUROSHOCK 11,
written by these members. The contributions, Chapters 11 through 24, are
assembled in the order of the four tasks which comprise the research project. The
sequence of the individual contributions and the main contents of the research
performed are briefly outlined below.

Chapter 11 by R. Bur, R. Benay, B. Corbel and J. Délery, ONERA:
Experimental work was focused on a local analysis of various controlled interactions
in order to establish the flow field, including both mean and turbulent properties, and
to study control effectiveness. The channel-flow experiments were supplemented by
Navier-Stokes computations to evaluate physical models and boundary conditions
prescribed, also utilizing several turbulence models. The control mechanisms
considered were: a combination of several cavities through which hybrid control was
applied, discrete slot suction, and a contour bump in the shock region.

Chapter 12 by R. Bohning and P. Doerffer, University of Karlsruhe:
Investigated were active control by part-suction through a perforated plate/cavity
arrangement and hybrid control, consisting of a passive cavity in the shock region and
active suction downstream, placing emphasis on a careful examination of the
influence of the size (length) and location of the downstream active cavity. In further
work, the important problem of the mass-flow determination through a porous plate
in the presence of an outer transonic stream was examined. Supplementing the
experiments, 2D and 3D Navier-Stokes computations, simulating the channel-flow
experiments, were performed.

Chapter 13 by H. Babinsky, University of Cambridge: Considered was active
shock and boundary layer control in three-dimensional flows; control mechanisms
investigated were a perforated plate/cavity arrangement with part-suction and discrete
slot suction with emphasis on the effect of the slot location with respect to the shock.
Again, Navier-Stokes computations, using different turbulence models, supplemented
the swept-shock channel-flow experiments.

The work described in these chapters was performed within Task 1 of
EUROSHOCK II “Modeling of Active Control Phenomena“. The objective was to
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study the influence of fundamental parameters involved in shock and boundary
layer control and to optimize control devices; furthermore, to improve and to
validate physical models for the control region based on experiments and
computations.

The contributions in Chapters 14 through 18 relate to Task 2 “Prediction of
Transonic Airfoil/Wing Flow with Control®. Objectives were the extension of
available steady and unsteady two-dimensional and steady three-dimensional
computational methods to predict flows with shock and boundary layer control
and to perform first parametric studies to assess control concepts; furthermore, to
validate the computational methods involved, employing, among others, results
obtained within Task 3. Note that all participants in this task carried out a control-
law simulation, based on a prescribed pressure distribution and Poll's control law,
to determine the transpiration velocity. Also note that ALENIA and EADS-Airbus
D participated in Task 2 for code validation; their contribution will, however, be
discussed under Task 4. In detail, the contributions are:

Chapter 14 by P.P. de Matteis and C. Dima, CIRA: A 2D Viscous-Inviscid-
Interaction (VII)-method and its quasi-3D extension, validated through
comparisons with experiments, was employed to assess the effectiveness of
various shock and boundary layer control concepts. A new concept, the
"Pneumatic Bump" was introduced.

Chapter 15 by C. de Nicola and V. Cirino, University of Naples: A numerical
method based on an Euler/boundary layer coupling has been extended to unsteady
flows and employed to investigate control effects on drag reduction and,
especially, buffet behavior.

Chapter 16 by Nieves Caballero, INTA: In a first step, steady calculations
have been performed to study the effect of various control devices on drag
reduction. In a second phase, unsteady calculations were performed to investigated
the effect of control on buffet onset. For the computations a time-accurate Navier-
Stokes code was employed.

Chapter 17 by J.C. Le Balleur, P. Girodroux-Lavigne and H. Gassot,
ONERA: Different concepts of shock wave and/or boundary layer control have
been numerically investigated with the 2D and 3D time-accurate strong viscous-
inviscid interactions codes VIS15 and VIS25. Drag reduction as well as buffet
behavior as dependent on control have been considered.

Chapter 18 by W. Geissler, DLR: New turbulence models have been
introduced into the DLR 2D time-accurate Navier-Stokes code. Computations
were then carried out for the DRA-2303 airfoil with and without contour bump to
study its effect on steady as well as unsteady flow behavior, also considering the
influence of different turbulence models. Hysteresis effects related to the buffet
process were investigated for a circular-arc airfoil.
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The objectives of Task 3 “Wind Tunnel Experiments on Airfoils and Wings
with Control* were to investigate, mainly experimentally, the effect of various
shock and boundary layer control techniques on the design and off-design
performance of airfoils and swept wings. A comprehensive wind tunnel test
program was, correspondingly, executed to provide an extensive data base for
cases with and without control to demonstrate the efficiency of various control
techniques up to conditions typical of flight, to assess computer codes considered
in Task 2, and to assess the practicalities of applying the control techniques
considered to actual aircraft wings, this topic being treated in Task 4. Related to
Task 3, the following contributions are being presented:

Chapter 19 by J.L. Fulker and M.J. Simmons, DERA: Detailed steady
pressure measurements were carried out with the DRA-2303 laminar-type airfoil,
at Reynolds numbers up to those approaching full scale, at conditions up to and
including buffet onset. Control schemes included discrete suction, active control
by perforated plate/cavity arrangement with part suction and hybrid control. The
experiments were supplemented by VII computations.

Chapter 20 by H. Rosemann and J. Birkemeyer, DLR: Investigated were the
effect of Mach number and angle of attack (lift) on the effectiveness of various
control systems for two airfoils, viz., the A340-type ADIF airfoil and the laminar-
type airfoil DA LVA-1A; furthermore investigated, especially in conjunction with
bump control and control by a bump with upstream slot suction, was an infinitely-
swept sheared wing based on the ADIF airfoil.

The objectives of Task 4 “Control Application Aspects” were the introduction
of various potential control methods, identified in the deliberations of all tasks,
into existing or new wing designs and the assessment of the benefits and penalties
associated with the aircraft implementation of control. Aircraft configurations
considered included regional-jet and A340-type transport aircraft with laminar and
turbulent wings, respectively, mainly considering control by contour bumps.
Minimum drag reductions needed to balance installation, operation, and
maintenance penalties were identified.

Chapter 21 by G. Dargel and P. Thiede, EADS-Airbus D: Work was focused
on the assessment of different control devices for the application to a hybrid
laminar flow wing of a long-range transport aircraft, following the improvement
and extension of the VII airfoil/swept-wing code. A bump parametric optimization
study was then carried out and the optimized variable-height bump integrated into
the HLF wing. Assessed were benefits and penalties associated with employing
bump control based on typical long-range aircraft missions.

Chapter 22 by R. Doe, BAE SYSTEMS-Airbus UK: The work performed
involved the optimization of a bump for an existing turbulent airfoil/wing and the
incorporation of bump control into the turbulent wing of a long-range transport
aircraft. Benefits and penalties associated with a typical long-range mission were
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assessed. The present contribution was, unfortunately, not available for inclusion
into the present volume. The reader is requested to accept our apologies for this,
but also referred to Chapter 6 for a summary of this work..

Chapter 23 by N. Catino and N. Ceresola, ALENIA Aerospazio: An
evaluation and optimization of contour bumps at steady and unsteady conditions
for two airfoils has been performed to explore their capability to reduce drag in
transonic flow and to dampen aerodynamic buffet. A simplified configuration of a
regional-jet aircraft with a laminar-type wing has then been generated and the
wing fitted with a contour bump; drag reductions possible for the complete aircraft
were estimated.

Chapter 24 by J.J. Vallee, DASSAULT Aviation: An aerodynamic
assessment of the effect of bumps on the flow development about a Falcon-type
(turbulent) airfoil was performed looking at cruise as well as at off-design
conditions. A technical solution for the integration of an adaptive bump and of slot
suction, respectively, into a Falcon-type wing was then derived and minimum drag
reductions needed to cover installation penalties determined.

Concerning the individual contributions, the reader is advised that the
interpretation of certain flow developments given in these contributions does not
necessarily agree with the interpretations given in the Synopsis, as is not
uncommon when discussing the physical background of specific developments.
Here, the reader must, of course, use his own judgement when studying the
results. It is, furthermore, suggested to consult Chapter 4.1.3 when in doubt about
the definition of the various drag components discussed within these
contributions.

The test cases considered in Task 2 and the experiments performed within
Task 3 are summarized in Table 1. Note that the test conditions given in the table
are approximate with the exact conditions provided in the corresponding chapters
of the Synopsis and the individual contributions.
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Table 1 Essential computational test cases, parametric study cases, and experiments

Computational test cases

Airfoil/ Type Moo 0%C. | Rex10® Control Wind tunnel
wing mechanism data from:
DRA-2303 | laminar | 0.681 | 2.1/0.747 19 Bump DERA 8 Ft"
RAE-5225 | turbulent | 0.730 | 2.95/0.756 19 Bump DERA 8 Ft"
RAE-5225 | turbulent | 0.725 | 2.90/0.756 18.7 Slot suction
Cq=-0.0002
DRA-2303 | laminar 0.68 2.0/0.740 19 Bump + Slot
suction,
Cy=-0.0001
RAE-5225 | turbulent | 0.725 | 2.90/0.756 18.7 Bump + Slot
suction,
Cq=-0.0002
VA-2 turbulent | 0.740 2.0/0.80 2.5 Passive and | TWG [5.3]
active cavity
Cq=-0.00088
Parametric studies
DRA-2303 | laminar 0.68 Variable 19 Slot suction | DERA 8 Ft"
Co=-0.00007
DRA-2303 | laminar | 0.68 | Variable 19 Active cavity | DERA 8 Ft"
C.= Cq=-0.00009
0.608% and higher
DRA-2303 | laminar | 0.68 | Variable 19 | Hybrid contr. | DERA 8 Ft"
CL = CQ=-000009
0.608% and higher
ADIF turbulent | Variab. [ Variable 8 Bump KRG [5.2]
airfoil 0.765%
ADIF wing | turbulent | Variab. | Variable 9.9 Bump TWG [5.3]
0.84” | CL=0.59”
Further experimental test cases
ADIF wing | turbulent | Variab. | Cp = f(Cp) 99 Bump + Slot | TWG {5.3])
suction,
Cq=-0.0001
ADIF wing | turbulent | Variab. | Cp = f(Cp) 9.9 Active/Hybr. | TWG [5.3]
cavity
Cq=-0.0002
DA laminar | Variab. | Cp =f(C)) 6 Bump KRG {5.2}
LVA-1A

1) See Chapter 19

2) Computational test case
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11 Study of Control Devices Applied to a Transonic
Shock Wave/Boundary Layer Interaction

R. Bur, R. Benay, B. Corbel and J. Délery

ONERA, Fundamental / Experimental Aerodynamics Department
8, rue des Vertugadins, 92190 Meudon, France

Summary

The aim of this study was to investigate in detail the flow field resulting from
transonic shock wave / boundary layer interactions under control conditions.
Several control techniques have been investigated: 1) active control consisting in
sucking a part of the boundary layer flow through a slot, 2) hybrid control, which is
a combination of a passive control cavity placed underneath the shock region and a
suction slot (or cavity) located downstream, and 3) control by a local deformation
of the surface, the so-called bump concept. In the experimental part of the study,
flow surveys have been executed with a two-component LDV system, including
mean velocity and Reynolds tensor component measurements. Results show that
active control by slot suction produces an increase in wave drag, but a significant
decrease in friction drag, especially when the slot is located just downstream of the
shock. The tendencies are inverted when bump or hybrid control is applied, the
bump control having nevertheless a moderate effect on the friction drag. Moreover,
active control by a slot efficiently diminishes the turbulence level downstream of the
interaction domain. The aim of the theoretical study was to discuss the problems
involved in the modeling of the vertical velocity component at the wall in the control
region and of the effect of control on the turbulent field. The RANS research solver
Nasca has been used for numerical simulations. Both, the algebraic Baldwin-Lomax
model and the transport equation [k-€] Chien model were investigated, the latter
having shown deficiencies in the prediction of the channel flow. On the other hand,
Poll's law and the Bohning-Doerffer law give a similar and fair reproduction of the
vertical velocity at the wall in the control region.

11.1 Introduction

The work reported in this chapter is the Onera contribution to Task 1 of the
EUROSHOCK II project devoted to drag reduction by shock and boundary layer
control. This work has been started within the EUROSHOCK (I) project where the
technique used to control the interaction was a passive control device {1]. It is
recalled that the principle of passive control consists in establishing a natural
circulation between the downstream high pressure face of a shock and its upstream
low pressure face. This circulation is achieved through a closed cavity, placed
underneath the shock region, the contact with the outer flow being made by a
perforated plate. It has been shown that, in some instances (e.g., for a turbulent
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airfoil), passive control may produce a reduction in airfoil drag, while postponing
buffet onset to higher incidences.

Within the framework of the EUROSHOCK II project, it has been decided to
investigate other control methods which could lead to a larger improvement of
airfoil performance essentially by a more significant drag reduction. Several
control techniques have been used to achieve this goal, namely : 1) active control
consisting in sucking a part of the boundary layer flow through a slot or a cavity
covered by a perforated plate, 2) hybrid control which is a combination of passive
and active control, and 3) control by a local deformation of the surface, the so-
called bump concept. The bump action can be combined with active control
(suction) to improve its efficiency. The location of these control devices relative to
the shock wave is an important parameter that has to be carefully examined.

The objective of Task 1 of the EUROSHOCK II project is to contribute to the
understanding and modeling of the physical phenomena involved in shock wave /
boundary layer interaction under control conditions. Corresponding work is based
on: 1) the execution of basic experiments aiming at a detailed description of the
interacting flow field, including both, its mean and turbulent properties, and 2) the
exploitation of the results obtained to discuss both, the definition of the boundary
conditions to be prescribed at the wall in the control region and the repercussion of
control techniques on turbulence behavior and its modeling.

The test set-up and the measurement techniques used to investigate the flow
are first described. A presentation of experimental results is then given, the precise
objective being to define, mainly by means of LDV explorations, the properties of
the interaction domain, firstly in the absence of control (solid wall reference case),
secondly under control conditions. The numerical approach used to compute the
transonic shock wave / boundary layer interaction is presented, particularly the
modifications accounting for the presence of passive or hybrid control in the
interaction region. Comparisons of experimental and numerical results are shown
for the reference case and one case with passive control (one specific perforated
plate has been selected). The two laws, i.e., Poll's law and the law of Bohning and
Doerffer, employed to obtain the surface velocity distribution along the perforated
plate (control region) are compared. One hybrid control case has also been treated
numerically and compared to the experiments.

11.2 Experimental Conditions
11.2.1 Test Set-up Arrangement and Techniques of Investigation
The experiments have been executed in the S8Ch basic research transonic-
supersonic wind tunnel of the Onera Fluid Mechanics Laboratory at Chalais-
Meudon. This facility is a continuous wind tunnel supplied with desiccated

atmospheric air. The stagnation conditions, nearly constant throughout the tests,
are : pgo = 96 000 £ 800 Pa, Tp =300t 4 K.
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The test set-ups used for the present study are shown in Figs. 1a, 1b and lc,
respectively, for the active, hybrid and bump control devices. The basic set-up
consists of a transonic channel having a height of 100mm and a span of 120mm in
the test section itself. The lower wall is rectilinear, the upper wall being made of a
contoured profile designed to produce a uniform supersonic flow of a nominal
Mach number equal to 1.4. The two side walls are equipped with high quality
glass windows to allow visualizations and LDV measurements. A second throat,
of adjustable cross section, is placed at the test section outlet (at X=510mm, the
streamwise distance X being measured from the throat section of the half-nozzle)
allowing: 1) to produce, by choking, a shock wave whose position, and hence
intensity, can be adjusted in a continuous and precise manner, and 2) to isolate the
flow field under study from pressure perturbations emanating from downstream
ducts. Such a device notably reduces unwanted shock oscillations.

Several control configurations, installed on the rectilinear lower wall, have
been tested, Figure 1:

— An active control system which consists in sucking a part of the boundary
layer through a slot (a).

— A hybrid control device which consists of a combination of passive and active
control (b). The passive control cavity and the perforated plate are those used for
the EUROSHOCK (I) experiments [2].

— Control by a local deformation of the surface, the so-called bump concept (c).

The flows under study were quantified by means of Schlieren visualizations,
measurements of wall pressure distributions and probings with a multi-component
LDV system. For the present study, where the flows were nominally two-
dimensional, the two-component version of the Onera three-component LDV
system was used. The light source is a 15W - Argon laser, used in the present tests
at a power of 5W, whose beam is separated into two beams of wave length
0.488pm (blue color) and 0.5145pm (green color) by means of a semi-transparent
mirror. The two original beams are first split by classical beam splitters and then
traverse Bragg cells to enable the system to detect the velocity direction. The four
beams are focused by the emission lens to generate two fringe patterns inside the
measuring volume whose diameter was equal to 200um. The two fringe patterns
were rotated at + 45° with respect to the X-direction, allowing the simultaneous
measurements of two velocity components in a vertical plane. The blue and green
fringe spacings are 13.14um and 14pm, respectively. In order to obtain a correct
signal-to-noise ratio, the LDV system was operated in the forward scattering
mode. The collecting part of the LDV system is equipped with a Cassegrain
telescope, having a diameter of 200mm, which collects the light scattered by a
particle when it crosses the probe volume. The light from the telescope passes
through interference filters that separate the green and blue components which are
then applied to two photo-multipliers whose signals are processed by an IFA 755
counter connected to the acquisition system. The flow is seeded with sub-micron
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(0.5pm diameter) droplets of olive oil injected in the wind tunnel settling
chamber.

The flow fields have been explored along lines normal to the wall (Y-
direction) extending from the surface (Y=0) to a height of Y=22mm and contained
in the test section center plane. This extent was chosen to be sure to cover the
entire dissipative layer and a part of the outer inviscid flow. Each exploration
contained 44 measurement points unevenly distributed in order to refine the
probing in the vicinity of the wall. The interaction domain has been explored
along 26 (29) vertical lines whose streamwise locations were in the range 115mm
< X £ 260mm (270mm) for the reference case, the active control device, and the
hybrid control devices with the 50mm-long (and 70mm long) passive control
cavity. Reliable measurements with the LDV system, in the two-component
version, were limited to a minimum distance of 0.3mm from the wall.

At each measurement point, a sample of couples of the instantaneous values of
the velocity components u and v was acquired for further processing. The size of
the sample, equal to 5000, gave an acceptable statistical uncertainty for the first
and second order statistical moments. The determination of the mean velocity
components allows the local Mach number to be computed and the boundary layer
global properties (8°, 8 and H;) to be defined. The density and the velocity of
sound were computed by assuming constant stagnation temperature throughout the
flow. The two-component version of the LDV system did not allow the
determination of the spanwise velocity component w. Thus, the turbulent kinetic
energy k has been estimated by the following formula:

k=%[u7+ﬁ+%(u7+;5)}

The LDV components give the field quantities with an accuracy depending on
uncertainties affecting the LDV system calibration (uncertainties in the fringe
distance, in the Bragg frequency), the determination by the counters of the
frequency of the light scattered by the particles, and the statistical treatment of the
sample. For the present experiments, the field properties have been determined
with a precision of: 1) 1 % of the maximum velocity modulus for the mean
velocity components, 2) less than or equal to 8 % for the normal stress
components of the Reynolds tensor, and 3) less than or equal to 10 % for the
turbulent shear stress component.

11.2.2 Configurations Tested
The solid wall reference case has been tested for two different shock locations

(X=155mm and 165mm) in order to allow comparisons with all the control
configurations. This location was monitored by considering the pressure
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distribution on the channel upper wall, the shock position being accurately defined
by adjustment of the second throat section.

The first type of control is an active control device which consists in sucking a
part of the boundary layer flow through a slot. Three locations of the slot relative
to the shock, which was fixed in the outer inviscid flow at X=165mm, were
tested: 1) about one incoming boundary layer thickness upstream of the shock,
between X=157mm and X=162mm, 2) centered, and 3) downstream of the shock
between X=168mm and X=173mm. The streamwise width of the slot was one and
a half incoming boundary layer thicknesses (Smm). The shape of its leading edge
(blunt or sharp) and its inclination (90° and 60° relative to the main flow
direction) have been tested to optimize the control. Three different suction mass
flow rates were considered, their values being measured by sonic throats located
within the suction duct.

The second type of control is a hybrid control device consisting of a
combination of passive and active control. One hybrid control device has been
selected in common with the University of Karlsruhe: the original (EUROSHOCK
I) 70mm-long cavity has been divided into two parts by a Smm-thick solid wall.
The upstream part is a SOmm-long passive control cavity and the downstream part
a 15mm-long active control cavity. Both cavities are covered by a perforated plate.
The shock location was fixed at mid-distance between the leading and trailing
edges of the passive control cavity, i.e., at X,=155mm. A second hybrid control
device has been selected in order to keep the shock location the same as for the
other control devices investigated. Here, the 70mm-long passive control cavity
was used, the shock being centered at X,=165mm. The active control system,
located downstream of the passive cavity, is here a 15mm-long open cavity similar
to like a suction slot. Several suction mass flow rates have been tested for both
hybrid control devices. The experiments were carried out with a plate whose
nominal characteristics are : porosity 5.67 % and 0.3mm-diameter holes, inclined
at 45° with respect to the surface (in flow direction) in the upstream half of the
plate and normal to it in its downstream half.

The third type of control is the control by a local deformation of the surface,
the so-called bump concept. The shape of the bump is similar to the ones tested by
DASA-Airbus on the A340 Hybrid-Laminar-Flow wing (see Chapter 21). Its
(chord) length is 80mm, extending from X=130mm to X=210mm. Three locations
of the shock have been investigated: 1) on the rising part of the bump
(Xy=165mm), 2) at the bump crest (X;=186mm), and 3) at the end of the bump
(X=210mm).

Concerning the control involving suction, a definition of the suction mass flow
rate coefficient, C'o, has been proposed to have here the same order of magnitude
as the Cq-coefficients used in external (airfoil-like) flows. In fact, it is not possible
in channel-flow experiments to compute the Cq coefficient, since an upstream
uniform flow does not exist (the streamwise Mach number varies continuously in
the channel) and there is no appropriate chord length. For this reason, the
reference length L has been chosen equal to 1 meter, which is of the order of
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magnitude of the airfoil chord length used in the definition of the Cq, coefficient.
Then, the C'q-coefficient was defined as:

-4
Q p * U * L

where p*, U” are taken at the sonic state in the channel; q is the control mass flow
rate per unit span.

This definition is inspired by the following considerations: the (pU) product is
not very sensitive to the Mach number within the range of interest here. In airfoil
flows, the freestream Mach number is around M=0.8 and the shock upstream
Mach number in the channel experiments is around M=1.3. The corresponding
difference between the (pU) values is small because (pU) passes through a
maximum in this Mach number range. Thus, the values of C'q are comparable to
Cq values, which makes it more meaningful for airfoil designers, in particular for
the contributors to the other Tasks.

11.3 Presentation of the Experimental Results
11.3.1 Flow Visualizations

The Schlieren photographs in Fig. 2 reveal the flow structure for the reference
case (solid wall, Fig. 2a) and for three different (active, hybrid and bump) control
devices. For the active control by a suction slot (see Fig. 2b), the lambda shape
structure of the shock (the A-foot) has almost disappeared. The oblique line visible
upstream of the shock is a weak perturbation wave caused by the junction between
two parts of the lower wall. The single shock crossing the entire channel is
strengthened and impinges on the wall slightly downstream compared to the
reference case, i.e., in the vicinity of the slot location. As far as an airfoil is
concerned, this strengthening of the shock leads to an increase of the wave drag.
However, the thickening of the boundary layer downstream of the slot is strongly
reduced. For the hybrid control case (see Fig. 2c), the structure of the shock takes
a well defined lambda shape due to the boundary layer starting to thicken
suddenly at the passive cavity origin. This lambda shape structure also appears
when bump control is applied (see Fig. 2d), the location of the triple point being in
this case at a lower height compared to the hybrid control case. Thus, hybrid
control and bump control produce a decrease in wave drag, a single strong shock
being replaced by two weaker shocks over a great part of the channel flow. The
total entropy production by the shock waves will be less compared to the reference
case or the active control case where the crossing shock occupies nearly the entire
channel. To prevent the important thickening of the boundary layer in the hybrid
control case, suction is applied downstream of the interaction region. However,
the suction mass flow rates must be high to have a positive effect on the boundary
layer behavior.
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11.3.2 LDV Measurements

Mean Flow Field Properties. The Mach number contour lines are traced in
Fig. 3 by adopting the same scale for the X and Y distances in order to have an
"objective” view of the flow field structure. The traces for the reference case (Fig.
3a) show the system of compression waves generated by the initial thickening of
the boundary layer inner region. The apparent thickness of the shock is due to an
insufficient refinement of the measurement mesh (X-wise spacing of Smm) which
did not permit the correct "capture” of discontinuities oriented along a direction
normal to the wall. When active control is applied (Fig. 3b), the foot of the shock
moves slightly downstream compared to the reference case and fixes itself in the
vicinity of the slot location. The strength of the shock has increased, especially for
the high value of the suction mass flow rate. The boundary layer thickness
downstream of the control region is considerably reduced by the suction effect, the
low Mach number region having almost disappeared. For the hybrid control case
(Fig. 3c), the tracing shows that, in the outer inviscid flow, the leading separation
shock provokes a first supersonic compression of the flow from an upstream Mach
number of 1.3 to a value around 1.2. In the triangular supersonic region between
the leading and the trailing shocks, the Mach number varies from 1.2 to 1.1, the
flow undergoing an isentropic compression. A region of supersonic flow. exists
downstream of the trailing shock. The boundary layer downstream of the
interaction region is thickened compared to the reference case. The (moderate)
suction mass flow rate is too small to re-stabilize the boundary layer. Only a very
high mass flow rate has a significant effect, a large part of the boundary layer
being then captured by the slot. When bump control is applied (Fig. 3d), the shock
structure is similar to that of the hybrid control case. A continuous compression
takes place over the forward rising part of the bump. The boundary layer starts to
thicken over the rear part of the bump and reaches a thickness comparable to that
of the reference case far downstream of the interaction region.

The development of the boundary layer displacement and momentum
thicknesses 8 and 8 when active control is applied is plotted in Figs. 4 and 5,
respectively, to show suction mass flow rate and slot location effects. In the
reference case, & starts to increase rapidly reaching a maximum value 8" max such
that 8" ax/8'o = 6.3. This rapid rise is felt by the outer still supersonic flow as a
ramp effect of angle tan™'(d3"/dX) =~ 4°. When slot suction is applied, this ramp
effect almost disappears, the maximum value 8", being such that §" /870 = 2.2
for the higher suction mass flow rates (Fig. 4a). The downstream values of 8" are
lower when the slot is in its downstream location (Fig. 5a). In the reference case, 0
steadily rises during the interaction to a final value 6; such that 646, = 6.8. When
slot suction is applied, the rise of 8 is much slower: for example, for a moderate
mass flow rate (C'Q=6.lx104), the amplitude of the momentum thickness rise is
such that 840, = 2.5 (Fig. 4b). Thus, when active slot suction control is applied,
the behavior of 6 should lead to a significant reduction of the friction drag, this
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reduction being larger when the slot is located just downstream of the shock (Fig.
5b).

The variations of 8 and @ for one hybrid control case (with the SOmm-long
passive control cavity) are plotted in Fig. 6. For the flow with control, the
maximum of 8" has increased compared to the reference value (Fig. 6a). This
increase is due to passive control which provokes a greater destabilization of the
boundary layer which is not compensated by the downstream suction, even for the
highest suction rate (C'q=3x10"). The final value 6 of the momentum thickness is
greater than for the reference case when small suction mass flow rates are applied
(Fig. 6b). A very slight decrease is obtained when strong suction is utilized (only
for the hybrid control case with the 70mm-long passive control cavity). At this
stage, it can be concluded that friction drag cannot be decreased by hybrid control
with downstream suction at feasible suction rates.

The variations of 8 and ® when bump control is applied are plotted in Fig. 7.
Over the front part of the bump, the rise in 8" and 0 is similar to the one of the
reference case. In this first part of the interaction, the compression in the reference
case is close to an isentropic ramp-like compression as the one caused by the
bump. Further downstream, the rise in 8" and © is far less rapid than in the
reference case since there is no separation in the case of the bump. After the bump
crest, 8" and 0 rise strongly because of the rapid compression occurring over this
part of the bump. The downstream values of 8" are almost the same as those of the
reference case (Fig. 7a). The final value 0; of the momentum thickness is slightly
reduced when bump control is applied (Fig. 7b), but this reduction is not
significant compared to the one obtained with active control by slot suction. It can
be concluded that the bump control has nearly no effect on friction drag.

Turbulent Field Properties. For active, hybrid and bump control, the
streamwise variation of the local maximums of the (pseudo) turbulent kinetic
energy is plotted in Fig. 8. The turbulence level downstream of the interaction is
strongly reduced by active control, this level being the lowest when the highest
suction mass flow rate is applied (Fig. 8a). To obtain a similar result with a hybrid
control device, a much higher suction mass flow rate has to be applied (Fig. 8b).
Bump control does not change the downstream turbulence level (Fig. 8c).
Moreover, in the bump and hybrid control cases, the location of the highest value
of knax is shifted downstream (to the end of the control region) compared to the
reference and the active control case. This is correlated to the modification of the
shock structure (a large A-foot) by the former two control devices.

11.4  Numerical Simulations
11.4.1 Flow Modeling
The numerical simulations were performed with the Nasca code which solves

the classical Reynolds Averaged Navier-Stokes (RANS) equations. The code,
using a finite volume technique, is totally implicit, including its modules treating
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the turbulence transport equations. The numerical scheme is an extension of the
Osher and Chakravarthy scheme [3] to the case of a mesh which can be locally
non-uniform. Turbulence modeling is carried out by means of the Baldwin-Lomax
algebraic model [4] or the [k-£] transport equation model of Chien [5].

The calculation domain is a part of the experimental channel extending from a
well chosen section of the divergent expansion zone, where experimental velocity
profiles and cross correlations are imposed, to the end of the channel, where the
experimental pressure is imposed. The upstream section, where the profiles are
prescribed, has been chosen at X=60mm to give well defined supersonic inflow
conditions. At the downstream boundary, coinciding with the end of the channel at
X=380mm, a numerical procedure is developed for fixing the experimental
pressure, which is an adaptation of the characteristic extrapolation method due to
Yee [6].

Passive control is simulated by prescribing the unit mass flow pv at the wall,
the other variables remaining unchanged. The pv value at the wall is obtained by
means of relations expressing a direct dependence of the wall vertical velocity on
the pressure difference between the cavity and the external flow. The cavity
pressure is taken as the experimental one. The relations used for the computations
are the calibration law of Poll [7] and the Bohning-Doerffer law [1].

In the case of the hybrid control calculation, the slot has been approximated by
imposing a negative value of pv as boundary condition at the mesh points located
in the slot area. The pv value at these points has been set equal to the measured
suction mass flow rate divided by the number of points. This very rough
approximation shows how the phenomena could be simulated without changing
the calculation domain.

11.42 Comparisons with Experiment

Calculations of the reference case flow have been performed with the [k-€]
transport equation model of Chien. These calculations led to an overprediction of
the thickening of the boundary layer during the interaction process and
downstream of it. There resulted two important viscous effects in the channel, a
"viscous" choking and a breakdown of the supersonic flow (the effective second
throat becomes smaller than the nozzle throat). This phenomenon points out the
difficulties for two-equation [k-€] models to correctly reproduce viscous flows in
long channels with nearly constant cross section. Thus, the forthcoming
computational results have been obtained by means of the algebraic Baldwin-
Lomax turbulence model.

Calculations of the interaction with passive control are first examined. Both
vertical velocity laws were implemented in the code and their respective results
compared to the experimental results obtained in the EUROSHOCK (I)
experiments [2]. The Mach number contour lines plotted in Fig. 9, here obtained
using Poll's law, show a good representation of the large spreading of the shock
structure, which begins at the origin of the perforated plate. The difference in the
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location of the crossing (quasi-normal) shock is small. The great extent of the
viscous zone due to the control device is well reproduced by the calculation.

Figure 10 shows the Mach number contour lines when hybrid control is
applied. The predicted leading shock originating at the beginning of the passive
control cavity is too weak. A second, oblique shock, emanating approximately in
the center of the cavity, is predicted. The calculated lambda shock pattern has a
smaller size compared to the experimental one visible in the Schlieren photograph
(Fig. 2c). The calculation gives a considerable overprediction of the viscous zone
in the interaction domain. These deficiencies in the prediction of the interaction
region lead to suspect important defects in the modeling of hybrid control.

The wall pressure distributions for the reference case and the passive and
hybrid control cases, respectively, are plotted in Fig. 11. For the reference case,
the calculated wall pressures are in good agreement with the measured ones. The
interesting fact is that the strong pressure gradient due to the interaction occurs at
the correct location, with no need to modify (even slightly) the downstream
pressure imposed as boundary condition. For the passive control case, there is a
rather good agreement between the calculated and measured wall pressure
distributions. The steep rise in the calculated pressures at X=130mm corresponds
to the beginning of the cavity. This first rise is followed by a drop in the computed
pressure distributions which does not exist in reality. This drop is due to an
insufficient mesh refinement in the longitudinal direction. These results lead to the
conclusion that both, Poll's law and the Bohning-Doerffer law predict a similar
behavior in passive control modeling. When hybrid control is applied, the
prediction of the wall pressure distribution is less satisfactory than for passive
control. For this kind of control where suction is imposed just after the passive
control cavity, the mesh size is of fundamental importance. Indeed, discrepancies
occur in the calculated pressure at the beginning of the perforated plate (as in the
passive control case) and the beginning of the slot. Moreover, for modeling of the
slot region, the pv value at the corresponding mesh points has, as mentioned
above, been set equal to the measured suction mass flow rate divided by the
number of mesh points. The mesh used for the computations has a lack of points
in the slot region (only four points). In further calculations, the slot should be
represented by a more refined mesh to improve the results.

11.5 Conclusion

A detailed experimental investigation of transonic shock wave / boundary
layer interaction under control conditions has been performed in channel-type
flow. The solid wall reference case (with two different shock locations), active
slot-control devices (with several suction slot geometries and locations), hybrid
control devices (with two different passive control-cavity lengths) and control by a
local deformation of the surface, the bump concept (with three different shock
locations) have been studied, mainly using a two-component LDV system to
determine the mean and turbulent flow field properties.
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The evaluation of the results shows the following facts :

— When active control by slot suction is applied, the shock is strengthened since
the spreading caused by the interaction is reduced. Consequently, the entropy
production through the shock is increased and the wave drag higher. On the other
hand, the momentum loss in the boundary layer is considerably reduced
downstream of the control region, which leads to a reduction in friction drag.
Active control has a significant effect on the turbulence level downstream of the
interaction region, this level being reduced even for a moderate suction mass flow
rate. The most favorable location of the slot is slightly downstream of the shock
location, the upstream and centered locations leading to a greater rise in the
boundary layer displacement and momentum thicknesses.

— When hybrid control is applied, the above tendencies in terms of drag are
inverted. The reduction of the wave drag due to the smearing of the compression
is impaired by the high friction drag along the perforated plate. The role of the
suction slot (or cavity) placed downstream of the passive control cavity is to
reduce friction losses. For the hybrid control devices tested and for suction mass
flow rates similar to those used for active control, the friction drag is always
increased compared to the reference case without control. A possible way to
improve the efficiency of such devices could be to reduce the distance between the
interaction region and the suction slot placed downstream.

— Bump control is very effective in spreading the compression in the near wall
region, thus reducing wave drag. At the same time, the pressure gradients
generated by the bump have only a modest effect on the boundary layer properties.
Thus the bump combines the advantage of a natural shock induced interaction, i.e.,
reducing wave drag, without the strong destabilization of the boundary layer, the
friction drag staying the same as for the reference case without control. A closer
investigation of the shock location relative to the bump is likely to lead to an
optimization of the benefit of such a control device.

Interactions under passive and hybrid control conditions have been computed
by using a code solving the RANS equations and employing the Baldwin-Lomax
algebraic turbulence model, the [k-€] Chien model having shown deficiencies in
the prediction of the boundary layer development in the channel flow.
Modifications of the boundary conditions were introduced to take into account an
imposed downstream pressure and the injection/suction velocities at the wall in
the control region. The transpiration velocities at the wall in the passive control
region have been computed by using the calibration law of Poll and the Bohning-
Doerffer law. In the present calculations, both laws gave close results and a
satisfactory prediction of the transpiration velocities.

In the passive control case, the results of the computations were generally
satisfactory, the scatter observed being explained by discrepancies in the
prediction of the shape of the viscous zones in the interaction region. In the case of
hybrid control, future computations must represent the suction slot by a more
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refined mesh, or include the entire slot in the computation domain, to correctly
reproduce its effect.

(1]

(2]

(31

(5]

(6]
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a - active control device

b - hybrid control device

¢ - bump control device

Figure 1 Photographs of the test set-up
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Figure 2 Schlieren photographs of the flow field

Figure 3 Mach number contour lines deduced from LDV measurements
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b — active control case (with the downstream slot)

¢ — hybrid control case (with the 70mm-long passive control cavity)

Figure 3 Mach number contour lines deduced from LDV measurements (Concluded)
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Figure 6 Boundary layer global characteristics — Hybrid control cases
(with the S50mm-long passive control cavity)
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Figure 9 Mach number contour lines — Passive control case

Figure 10 Mach number contour lines — Hybrid control case

151



152

0.85

P/Pst0

0.6

0.55

0.5

045

04

0.35

0.3

= Exp. w/o control =
. Exp. with passive control (p.c.) g AT A
A Exp. with hybrid control o :/:4 o ®
NS BL w/o control . Je Y
—--—--— NS BL with p.c.(Poll law) e
— — — NSBLwith p.c.(Bohning-Doertfer law) /& » /7
— — — NS BL with hybrid control s //
/
/
/
/
H] A
~
] /
1 1 1 1 |
50 100 150 200 250 300
CAVITY LO X(mm)

Figure 11 Comparison of calculated and measured wall pressure distributions



12 Hybrid and Active Control of Shock Wave -
Turbulent Boundary Layer Interaction and Perforated
Plate Transpiration Flow

R. Bohning and P. Doerffer

ISL, University of Karlsruhe
Kaiserstrasse 12, D- 76 128 Karlsruhe, Germany

Summary

The present investigation concerned hybrid and active control of shock wave -
turbulent boundary layer interaction. It has been shown that additional suction
downstream of the passive control cavity is able not only to suppress separation
but even to restore the boundary layer to the velocity profile shape present without
control. Active control by suction through a single cavity is even more effective.
The boundary layer resulting from active control is nearly as thin as the one
upstream of the shock wave.

Further work on the physical modelling of transpiration flow has been
undertaken. An extension of the transpiration law has been derived which takes
into account the effect of tangential stream along a porous plate.

Numerical simulations have been extended to a 3-D analysis of the flow in a
channel. Here, it was found that 3-D effects are responsible for the discrepancy
between experiment and 2-D calculations performed earlier.

12.1 Introduction

The work reported in the present paper concerns the contribution of the
University of Karlsruhe to the EUROSHOCK 1I project. The subjects addressed
constitute a continuation of work carried out in the previous (EUROSHOCK)
project. Therefore, the results and discussions presented here are based on six
years of research experience.

The starting point of the present project was the lack of positive effects of
passive control in terms of drag reduction determined in the EUROSHOCK (I)
investigation. In order to improve the state of the boundary layer, which was
disturbed by passive control, an additional active suction cavity, located just
downstream of the passive cavity, has been used. Such an arrangement was
termed "hybrid control”. In the present investigation, various suction cavity
lengths and suction intensities have been studied. The results confirmed that the
state of the boundary layer may be considerably improved by hybrid control.
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Besides hybrid control, so called "active control” has been investigated. Here,
suction has been applied to the single cavity used as passive cavity in earlier
experiments.

An important issue was the continuation of research concerning the
transpiration flow model. Since some of control methods involved suction
upstream of the shock wave, hence in the presence of a fast tangential stream over
the porous plate, it became important to be able to include the effect of a
tangential stream in the transpiration law.

In EUROSHOCK (I) it has been observed that 2-D numerical simulations of
the channel flow showed significant deviations from the experimental results
downstream the shock wave even in the wall static pressure distribution. In the
present project an effort has been undertaken to clarify the reasons for such
discrepancy by undertaking a 3D numerical simulations.

122 Hybrid Control

12.2.1 Measurements

The measurements were carried out using the configuration presented in Fig.1.
In the reference case an undisturbed shock, with a shock-upstream Mach number
of M=1.3, is located at the center of the 50mm long passive cavity. A suction
cavity, 15mm long in the presented sketch, is located Smm downstream of the
passive cavity. In the present research program its length has been varied between
15 and 45mm.

M, =130 shffk I1 —_— porous plate
position | Peorr = 4.9 %

passive cavity suction]
cavity /
pll% iz

50 15
T -

X= 0 50 100

Figure 1 Experimental configuration

Boundary layer profiles have been measured by means of a pressure probe at
the following locations:
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— at the upstream edge of the passive cavity X = 0 mm - common for all test
cases;
— at the location X = 100 mm for each test case.

The measurements also incorporated static pressure distributions within the
interaction area; the structure of the shock system has been visualized by a
Schlieren system and interferograms.

The experimental program presented here shows the effect of the suction
cavity size and the suction intensity on the boundary layer profile at X=100.

12.2.2 Mass Flow Rate in the Case of Suction

The mass flow rate through the porous wall is given by the mass flow
coefficient Cq defined as:

C,=q/(p.U.L), )

where q is the mass flow per unit span. In our measurements the span is 0.05m.
This definition may cause some misunderstanding between external and internal
aerodynamics. In the former, (pU) is taken from the far field condition and the
length L is usually a airfoil chord. In case of internal aerodynamics, the local
shock-upstream condition is used for (pU) and the length scale is the boundary
layer displacement thickness upstream of the interaction. These two approaches
lead to values that are several orders of magnitude different.

It should be pointed out that the (p-U) value is not very sensitive to the Mach
number within the range of interest. In external flow, the freestream Mach number
is about M=0.8 and the shock upstream Mach number is about M=1.3. The
difference between the (p-U) values of interest is very small because (p-U)
reaches a maximum at M=1.

For the present (channel-flow) application the coefficient would take the form:

q
c=—J39 ¥
“ (U )56,

In order to unify the suction mass flow rate description, a new definition has
been proposed. The (pU) value is to be taken at M=1.0 and the unit length as
L=1m. In that case the mass flow rate would be universal for all applications, viz.,

=31 3)

12.2.3 Effect of Hybrid Ccontrol

Different suction intensities and suction cavity lengths have been investigated.
Examples of boundary layer profiles measured at X=100 are presented in Fig. 2
which includes two reference profiles, one being the profile obtained for the
interaction without control. It is a strongly disturbed profile, however, the flow is
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not yet separated. The other one is the profile obtained with passive control. This
profile indicates a strong separation.

20 T ‘
X= 100 mm

—X—no control
16 +-| —— pass (0/50)
—o— Cmiu=0.503
—&—Cmiu=1.840
12 +-| —o—Cmiu=2.313

]
|

—0— Cmiu=4.023

Y [mm]

Figure 2 Hybrid control effect on the boundary layer profile

Even quite weak suction applied has a noticeable effect on the whole boundary
layer profile. For the smallest C,, value a very short suction cavity has been used -
15 mm. This suction length is only about 20% longer than the boundary layer
thickness. For the highest C, value the maximum suction intensity has been used.
It corresponds to an effective hole Mach number of M;=0.57 at which choking in
the porosity holes takes place. The suction cavity was 45mm long in this case.

Fig.2 indicates that additional suction downstream of the passive control
cavity significantly influences the boundary layer. It is not only possible to
eliminate separation but also to restore the boundary layer to a similar velocity
profile shape as in the case without control.

Fig.3 shows the boundary layer thickness, displacement thickness and shape
parameter dependence on the suction mass flow rate. All cases investigated have
been included in these plots. The results suggest that the most important quantity
is the total amount of suction. The way how it is realized (cavity length, intensity)
plays a minor role.
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Figure 3 Hybrid control effect on the integral parameters of the boundary layer

12.2.4 TFlow Visualization

The illustration of the effect of the suction rate on the boundary layer profile is
presented in the flow visualization pictures in Fig.4, showing a sequence of six
pictures. The picture on top presents a full view of the channel. Because the
interesting part of the flow is the boundary layer close to the wall, all other
pictures are showing only a strip with the boundary layer in view. The four center
pictures relate to hybrid control; the amount of suction is increasing from top to
the bottom. The bottom picture shows the boundary layer development in the case
without control. In all pictures the flow direction is from left to right.

The fringes in Fig 4, produced by the Mach-Zehnder interferometer set to the
infinite fringe mode, correspond to the iso-lines of density. Due to this setting, the
shock wave is well visible as a few lines located very close to each other because
the density changes over a very short distance in a shock wave. The general
character of channel flow is that it accelerates upstream the shock and decelerates
in the part of the channel downstream of the shock. Therefore the fringes mostly
run vertically perpendicular to the channel axis and the main flow direction. Close
to the upper and lower walls a significant change in the fringe direction takes
place. Due to the changes of density in a (supersonic) boundary layer, fringes
become parallel to the walls. The area where fringes change their direction from
vertical to horizontal corresponds to the edge of the boundary layer. On the basis
of the visualization pictures, it is easy to compare the thickness of the boundary
layer for the various cases.
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Figure 4 Interferometric visualization of the boundary layer
development at different suction rates: -passive control, zop, four
hybrid control cases with increasing suction towards the bottom, no
control, bottom picture

The most important part of the flow is the lower right corner of the flow
pictures. Here, the boundary layer leaving the interaction region is to be studied:
in case of passive control (top), the boundary layer is very thick, much thicker
than in the no-control case (bottom). In the center pictures, the gradual change of
the boundary layer thickness from the thick layer at low suction rates to the much
thinner layer at maximum suction is very well illustrated by the behavior of the
fringes. At maximum suction the boundary layer thickness is similar to the no-
control case shown in the bottom picture, confirming the conclusions based on the
boundary layer profile measurements.
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12.3 Contribution of Boundary Layer and Shock Wave to
Pressure Losses and Drag

The losses induced by the interaction are, in terms of drag, comprised of two
components:

— shock (wave) drag which is reduced by passive control due to the spreading of
the compression and

— viscous drag induced due to the boundary layer thickness being significantly
increased by passive control but reduced by additional suction.

The measurement of the stagnation pressure has previously been carried out
only sufficiently far from the wall to allow a boundary layer profile determination.
There is, however, the possibility to continue the stagnation pressure measurement
further into the flow field to measure the losses induced by the shock waves. This
will allow to distinguish between the contribution of the boundary layer and the
shock wave, respectively, and to compare passive, hybrid, and active control
under these aspects. In order to capture all effects, the measurement traverses have
been carried far enough into the field to include the complete A-foot of the shock
in the case of passive control into the surveys.

12.3.1 Measurements
Five flow cases have been considered:

1- regular shock wave boundary layer interaction without control at
M,=1.3;

2- passive control, 50 mm cavity centered on the shock;

3- hybrid control, i.e., passive control as above plus active suction via the
45mm long cavity at maximum mass flow rate;

4- active control, i.e., suction through the passive cavity, at maximum mass
flow rate.

In all cases was the undisturbed shock wave above the A-foot kept on the same
position.

The effect of active control is shown in the interferograms in Fig.5 together
with the regular no-control interaction and passive control. In an active control
case the suction takes essentially place upstream the shock wave. Therefore, not
only the A-foot is not formed but also the small compressions which precede the
shock wave in the case without control disappear. The shock remains very strong
down to the wall and the boundary layer is very thin. Upstream of the shock small
disturbances are observed which are generated by the holes of the porous plate. It
is evident that the shock losses are very high in this case but the boundary layer
downstream of the interaction is very thin. Suction is also present downstream of
the shock and nearly no effect of the shock on the boundary layer is observed.
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Figure 5 Interferograms of no control, upper, passive control, center, active
control, lower picture

Measured stagnation pressure profiles are presented in Fig.6. They include a
profile denoted "upstream"”, which has been measured at the upstream edge of the
passive cavity, and should be understood as a reference (X = 0). Stagnation
pressures measured are normalized with the stagnation pressure (PO0) in the
settling chamber of the wind tunnel. The "upstream" profile shows small losses
occurring between the settling chamber and the traverse location for obvious
reasons.

One should be reminded that when a compression is realized by a sequence of
shocks, the losses are smaller than the losses occurring if the same compression is
performed by a single normal shock. One may, therefore, expect that, when the
measurement probe is located downstream of a normal shock (Y>45mm), it
should indicate lower stagnation pressures than downstream of the A-foot
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(Y<45mm) due to the smaller losses, hence higher stagnation pressures in case of
the latter.

All these features are displayed correctly by the results shown in Fig.6. Close
to the wall all profiles display a typical boundary-layer-like behavior. First of all,
the upstream profile is very thin compared to all others. The "no-control” profile
is much thicker but still attached. Implementation of passive control induces a
strong separation. When suction is added downstream with maximum intensity
and length, the boundary layer profile is significantly improved. It actually
coincides with the profile of the uncontrolled interaction. In case of active control
when the passive cavity pressure is decreased to induce maximum suction, the
boundary layer remains very thin and the compression upstream of the shock
disappears. The shock wave remains very strong down to the wall. Downstream of
the shock wave the boundary layer remains very similar to the upstream profile.
This is because suction also takes place downstream of the shock, preventing
separation or an excessive thickening of the boundary layer.

60
—o— Upstream
50 +———
—o— 1-No control
w04 | —a—2-Passiwe ] Y
—o— 3-Hybrid
E 30 +———] —*—4-Active | [
=

20

10 +

0.6 0.7 0.8 0.9 1
P0/P00

Figure 6 Stagnation pressure profiles for no-control and different control methods

Away from the wall, outside the boundary layer, one can analyze the direct
contribution of the shock waves to the pressure losses. First of all, one should
point out that at the end of the measurement range (Y = 50 mm) all downstream
profiles exhibit the same stagnation pressure. This confirms that the shock at this
distance is no longer affected by control which is in agreement with flow
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visualizations indicating that the A-foot height is about 45 mm. Closer to the wall,
the profiles for passive and hybrid control show almost no stagnation pressure
loss due to the shock. These two control methods produce the A-foot structure
causing the reduction in shock losses. The other two profiles (no-control and
active control) indicate significant losses which correspond to normal shock loss
at M=1.34. This Mach number is somewhat higher than the shock-upstream Mach
number at the wall due to the compression at the wall preceding the main shock.
All these effects are well displayed by the presented measurements.

The no-control case indicates a local maximum in the total pressure
distribution at the edge of the boundary layer. This is due to the existence of a
compression preceding the main shock which reduces the shock losses in this
region.

12.3.2 Stagnation Pressure Defect

There are many ways to present the integral effect of the distribution profiles;
important is to apply the same method to all cases. Considering a boundary layer
stagnation pressure profile (as in Fig.6), its defect is represented by an area
between the line PO/PO0 = 1.0, corresponding to an isentropic process, and the
measured profile. In order to analyze the effects of the boundary layer and shock
wave contribution to the overall losses, let us use the following definition of the
profile defect:

Y
6, =[Sy @
0 Fyo

This definition provides an area between the isentropic line and the respective
profile from the wall to a certain height "Y". It has no physical meaning but it
displays the intensity of loss production at different distances from the wall.

Results are presented in Fig.7 allowing to observe the development of losses
with changing distance from the wall. Close to the wall, the curves show high
gradients due to the increased losses within the boundary layer. Further away, the
increase of losses is due to the shock contribution.

The gradient of defect increase within the boundary layer is close to the wall
similar for all cases but extends over different lengths. Further away from the wall
it decreases quickly at the edge of the boundary layer. Here, all curves display a
significant change from a rather flat distribution to a nearly vertical one. Due to
different boundary layer thicknesses, the losses obtained at this point are very
different. For passive control, the losses at the edge of the boundary layer are
significantly higher than in all other cases considered.

Outside the boundary layer, the "upstream" profile displays an increase in
defect due to the losses in the channel inlet. The other profiles, downstream of the
shock system, display two distinct slopes in the distribution: the steep one,
indicating small shock losses, is displayed by flow cases with a A-foot. The others
indicate much higher shock losses since only a single strong shock is present.
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Further into the field (Y>50), all profiles indicate the same gradient because in
all cases the same shock intensity exists.
On the basis of Fig.7, one may conclude that:

— passive control does not have a positive effect on the interaction since the total
defect is the same as without control,
— hybrid control and active control produce nearly the same total positive effect.

The approach presented above lacks generality but allows to distinguish areas
of loss contributions due to different effects. It also allows to judge the relative
quality of the control methods considered. The most illustrative effect is the
difference in curve slopes for cases with and without a A-foot structure.

60 I

—o— Ups frecm

—o— 1 - No contrdd ?/
50 +— .
——2-Pcssive / o
~o—3 - Hybrid /

40 4| —*—4-Aclive | —

Y[mm]

PO profile defect

Figure 7 Increase in stagnation pressure defect with distance from the wall

12.3.3 Flow Efficiency

In order to discuss the boundary layer and shock wave contribution to drag or
losses it is useful to show the analysis process in an h-s plane (enthalpy-entropy
diagram) as illustrated in Fig.8. The stagnation parameters Py and T, determine the
corresponding starting point in h-s diagram.

An expansion from the stagnation parameters to some static pressure P, may
take place in an isentropic way at s = constant. In such a case the enthalpy
difference between points "0" and "is" is Ahgi, = U,%/2. However, it is also
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possible that the expansion takes place with losses, hence the entropy increases
and the enthalpy difference between points "0" and "2" is Ahg, = U%2. The
termination of the process is at the static pressure P, line. The stagnation
conditions for the air at condition "2" correspond to an isentropic "return" to the
total enthalpy of the flow, hg. It means that the stagnation pressure is lower for
flow with losses, Py,<Py. Regarding the boundary layer, this stagnation pressure is
measured by the pitot probe.

PO = const P02 = const
A

h

h 0 02 T0 = const /
0 f
W
/ P2 = const
h2
his' is
» S

Figure 8 Flow parameters in the enthalpy - entropy diagram

Points of a boundary layer profile are located along the constant pressure line
P2 between points "is" and "w". The point "is" is located outside the boundary
layer where the flow may be considered as isentropic. The last point, "w", is
located at the wall where the static pressure is equal to the stagnation pressure and
the velocity is U = 0.

For each expansion, hence for each point within the boundary layer, one may
calculate the increase in entropy or the decrease in stagnation pressure. In order to
characterize the irreversibility of this process, the typical approach, commonly
used, is the determination of efficiency. This is the ratio of the enthalpy drop in
reality and in an isentropic expansion:

n= ar ®)
Ah

is

with: Ah:ho-hz and Ahis=h0-his.
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Knowing that hy = h + U%2, the efficiency may be expressed by the velocity
ratio squared, viz.,

U2
A

For each point of the traverses, the static pressure P,, and the stagnation

n (6)

pressure Py, are known allowing to calculate the Mach number

k-1
M= |2 |[B|"
Kk-1|{ P,

The velocity is expressed by

U :L KRT;)
1+ 571y
2
and hence the efficiency at a given point of the measured traverse by:
K-1
2 1+——M?
=2 2~ )
K —
M 14 M

The efficiency is plotted in Fig.9 for all measured profiles. The figure is
similar to Fig.6 but this presentation is more general thus allowing comparisons
with other results. All distributions start at the wall at 1=0 and reach nearly n=1
away from the wall. The similarity with the stagnation pressure distributions in
Fig.6 shows that the stagnation pressure may adequately represent the flow
efficiency. All conclusions are, therefore, the same.

In order to present the efficiency development with the distance from the
wall, the integral efficiency of a stream between the wall and a given "Y" has
been defined as:

lY
ny=§{ndY.

The corresponding profiles are presented in Fig.10. The effects of the boundary

layer, the shock -wave and the A-foot are not as distinct as in the previous

presentation, Fig.7; however, all previous conclusions are, as mentioned,

confirmed here:

— passive control has a particularly low efficiency in the boundary layer area,

— the efficiency in the boundary layer area for the "no control” case and the
hybrid control case are nearly the same,

— the total efficiency of passive control (obtained at Y=50mm) and the one for
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the case without control are the same,
— the total efficiency in the case of hybrid control and in the case of active
control are the same and the highest of all cases considered.

The higher efficiency for hybrid and active control is caused by the energy
supplied by suction. One must, therefore, when considering overall benefits, also
account for "pump" drag.
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Figure 9 Distribution of the efficiency for different control methods

The present results show the effectiveness of various control schemes at a
single streamwise location where pressure profiles have been measured. The
approach accounts for all effects related to shock losses. However, the boundary
layer has influence further downstream of the present traverse. Therefore, it is not
sufficient to state that passive control has the same efficiency as the flow without
control. It must be added that passive control may have a negative effect in all
flow applications where a thicker boundary layer is detrimental, such as in airfoil
and wing flow so that the final statements should read:

- passive control may increase drag and losses since it leaves a thicker

boundary layer downstream,

- active control is more favorable than hybrid control since it leaves a thinner

boundary layer downstream.
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- active control is more favorable than hybrid control since it leaves a thinner
boundary layer downstream.

60
50 --—! —o— upstream — & —
—o— No control
04| = Passive
—o— Hybrid / j
= —¥— Active
E 30 I
] i ;
\

10

&
& (
[
0 ¥
0 0.2 0.4 0.6 0.8

integral efficiency from the wall

PO E—

Figure 10 Efficiency of the stream between a given Y and the wall

12.4 Transpiration Flow with Outer Tangential Stream

A special insert to the test section has been built in order to investigate the
effect of an outer tangential stream along a porous wall on the transpiration flow.
The mass-flow-rate measurement system, consisting of interchangeable sonic
nozzles, has been built and tested. A series of eight nozzles has been prepared and
carefully calibrated.

It turned out that in case of the existence of a tangential stream, the
transpiration flow encounters a blocking effect, i.e., that for the same pressure
drop across the porous plate the mass flow rate is lower than in the case without a
tangential stream. The effect is present only for suction. In case of blowing, no
effect has been observed.

The stagnation pressure for the transpiration flow corresponds to the static
pressure of the tangential stream since in a boundary layer the stagnation pressure
drops to the value of the static pressure at the wall. In the wind tunnel different
absolute static pressures are reached for different Mach numbers of the flow
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which implies different stagnation pressures for the transpiration flow dependent
on the channel Mach number.

In order to confirm this effect, transpiration measurements without tangential
stream have been carried out for different pressures in the test section. The results
coincided with the Bohning/Doerffer law derived in the EUROSHOCK (I) project
{1]. This indicates that not the static pressure but only the existence of a tangential
stream or some other property of this stream affects the transpiration flow.

12.4.1 Measurements

In order to study transpiration flow in the case of suction and dependent on the
outer-stream Mach number, a plate with normal holes of diameter D=0.185mm
(T-3) has been chosen. The plate porosity has been checked after installation. The
value obtained for suction was 4.9%. The transpiration flow was measured for
various Mach numbers of the tangential stream, Table 1. The Mach numbers were
kept constant in the experiments to within 1 to 3%.

Table 1 Description of flow cases by the main stream Mach number

Case No. 1 2 3 4 5 6
Mach No. 0.0 0.11 0.285 | 0.494 | 0.705 | 0.865

The results are plotted in Fig.11. They confirm the significant effect of a
tangential stream on the wall characteristics in the case of suction. The
measurements provided a systematic set of data well suited for the modeling of
the phenomenon observed.

For M=0.0 there is no tangential stream along the porous plate. The measured
points should, therefore, fit the Bohning/Doerffer law developed during
EUROSHOCK (I). This law is represented by a thick line in the plot, Fig. 11. All
measured points of the M = 0 case are well represented by the earlier law.

In the experiments five tangential stream Mach numbers have been applied
with each suction (metering) nozzle. For a given nozzle (and the porous plate
considered) nearly the same Mj, values are reached independent of the stagnation
conditions. In the nozzle throat, M=1 is obtained and, therefore, the Mach number
in the holes of the perforated plate is only dependent on the cross section ratio. In
Fig.11 this dependence is indicated by nearly the same Mj-value being obtained
for all tangential stream velocities. The values differ somewhat because the flow
losses depend on the Reynolds number which changes here with the Mach number
of the tangential stream.

The application of the tangential stream causes a shift of the characteristic
transpiration curve towards an increased pressure drop or to a lower hole Mach
number M. It means that the tangential stream imposes a blocking effect on the
transpiration flow. In case of blowing, no such effect has been observed. All
measurement points coincided with the line denoted "func” in Fig.11.

168



——func.
M=0.0|
M=0.1
M=0.3
M=0.5
M=0.71
M=0.9

+ X o O b o

0 0.05 0.1 0.15
dp/p0

Figure 11 Effect of tangential stream on the transpiration flow characteristic

The results indicate that the shear stress at the inlet to the holes of the porosity
is responsible for the effect observed. In the experiments, the suction has been
applied to an undisturbed boundary layer assumed to be turbulent. For a typical
turbulent profile it is possible to couple shear stress at the wall to the main stream
parameters and the boundary layer thickness. The boundary layer thickness may
be approximated from Schlieren visualizations.

For a flat plate flow, the fully turbulent boundary layer profile may be
assumed to be exponential with the exponent of 1/7:

6]

For such a profile the wall shear stress, constant within the laminar sub-layer
adjacent to the wall, is given by:

oo

1
v 4
T, =pul= o.ozzspuj(ﬁ-J : )

The wall shear stress normalized with the kinetic energy of the main stream
provides the skin friction coefficient:

1
v
o=y =0.045{—U"8] (10)
~pU? w
2P

"o

The kinematic viscosity “v” is defined by V=0 L where p is determined from
Sutherlan’s law:
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The above expressions show that the skin friction at the wall is dependent on
three main factors:
— the velocity at the edge of the boundary layer or the Mach number of the main
stream,
— the stagnation parameters, hence the Reynolds number, and
— the boundary layer thickness.

Employing the above method, one can determine the wall shear stress T, for
each main stream Mach number. For the main stream Mach numbers considered,

the wall shear stress values are as follows:

Table 2 Skin friction values for the flow cases considered

M fow 0.0 0.11 | 0285 | 0494 | 0.705 | 0.865
Ty [N/m?] 0 4 20 49 80 103

In the experimental set up the suction cavity is connected to the vacuum tank
via the nozzle measuring the mass flow rate. The pressure ratio between suction
cavity and vacuum tank must be above the critical ratio in order to secure sonic
conditions in the nozzle throat. When the tangential stream is generated, the
pressure in the wind tunnel decreases with a corresponding decrease in cavity
pressure taking place. During a blow-down, the pressure in the vacuum tank is
very low at the start and increases with time. At a certain pressure level in the
tank, the sonic condition in the metering nozzle brakes down ending the
measurement. As a consequence the blow-down time is shorter for a higher Mach
number in the test section. Due to this limitation in the run time, the tests carried
out were restricted to subsonic velocities of the tangential stream.

12.4.2 Formulation of the Transpiration Law

Detailed considerations and testing different approaches have lead to the
transpiration law in the following form:

1
£=Mﬁ

hole
PO

1
(_1_)"'” +b(BM, ) |;B= _ITLL; a=152b=25. (D
12 pholeuhole

2

This is an extension of the formula proposed in EUROSHOCK (I). When the
wall shear stress is Ty, = 0 it takes the identical form as the original law. The "dP"
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used here denotes the pressure difference across the porous plate. Py is the
stagnation pressure on the inlet side of the plate. If a tangential stream is present
its static pressure becomes the stagnation condition for the hole. (For a summary
of the nomenclature used, refer to Table 3.)

The shear force at the wall is, as mentioned above, the driving mechanism for
blocking the flow through the porosity holes. The influence of this shear force is
dependent on the intensity of the transpiration flow. Therefore, a factor formed by
the ratio of T, and the kinetic energy of the flow in a hole has been introduced
corresponding to the normalization of 1, with (pu/2), in a hole.

In considering control by cavity ventilation, one has to distinguish between
two cases, blowing and suction; blowing corresponds to the case where py, < p.,
suction takes place when the p,, > p.. Since the static pressure in the boundary
layer is constant, py = p.. In case of suction, one has to provide an appropriate
value for the shear stress T,, which depends on the boundary layer thickness, the
Mach number of the outer stream, and on the disturbance to the boundary layer,
since for suction, the tangential flow, or more precisely the wall shear stress, plays
a very important role. Its increase means an increase of the pressure drop across
the porous plate at the same transpiration mass flow rate. In other words, at a
constant pressure drop, the presence of a tangential flow will cause a lower
suction mass flow rate. In the case of blowing, no such effect was observed. This
is because the inlet to the plate is located on the cavity side where 1, = 0.

Table 3 Description of the nomenclature used

INDEX DESCRIPTION OF THE MEANING
0 Stagnation parameters of the flow field considered
o0 Free stream parameters or stresses normalization conditions
(conditions at which pu®?2 is determined to calculate Cp, O Cy)
w Parameters at the wall (inside the boundary layer) with one

exception that M, means an isentropic Mach number,
obtained from p,, and py

e Parameters outside the boundary layer
[ Parameters in a cavity
h Parameters in a porosity hole

Consequently, the transpiration laws may, using the above nomenclature, be
written in the following form:

Suction

e = MO (%)O " +25(BM, )% |:B =|—pT:”;|2— (12)
. h™h
2
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Blowing (t,, =0)

1
P.-P, (M, )os
c v | a7 (13)
P 12

c

Actually, it is not necessary to distinguish between these two cases because in
the case of blowing the shear stress is equal to zero, hence B = 0, and the formula
for suction reduces automatically to the formula for blowing. As mentioned
above, the simple formula for blowing is identical to the one proposed in
EUROSHOCK (D) [1].

The proposed formula is plotted in Fig.12 together with the experimental
points. The agreement of the Bohning/Doerffer (B/D) law with experiment is very
good and the proposed law reflects well the physical behavior of transpiration
flow.

It should be mentioned once again that the values of 1,, were not measured but
were calculated assuming the exponential boundary layer velocity profile. It is
difficult to say to what degree this holds for the corresponding measurements. It
would be helpful to make the final tuning of the law by comparison with
measurements that included the determination of the wall shear stress. These are,
however, not available.
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M=00 0.1_03 05 07 09 1.1

/
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dP/PO
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=
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Figure 12 Bohning/Doerffer law for transpiration flow
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12.4.3 Calculation of the Parameter "B"
For given 1, values

In order to calculate the parameter "B", it is necessary to know the shear stress
at the wall, T, and the quantity (phuh2/2). The shear stress must either be taken
from measurements or calculations; to determine (phuh2/2), the following
procedure may be used.

First, in order to simplify the equations, it is proposed to make the

substitution
o=(1+ K'IMZJ.
2

Then the main relations for the stagnation parameters become:
1

Lol v P g,
T p P

The velocity in the hole may be expressed as

u, =M,a=M,, KRT, .

For the flow in a hole, the stagnation temperature is equal to the temperature at
the porous wall, Tg., = T,,. The temperature at the wall is equal to the stagnation
temperature assuming, with a certain loss of accuracy, a temperature recovery
factor of 1, so that T, = Ty. It follows that

M,

uh=\/_o_hJ KRT, .

The stagnation density for the flow in a hole is equal to the tangential flow
density at the wall, i.e., po., = Pw. The density at the wall may be calculated from
the main stream parameters using the assumption made above about the
temperature:

pw - pw — pe — pO 1
— .
RT, RT, RT, RT, -5
€
Knowing that p,, is the stagnation parameter for the flow through the hole, one
may write

Py =
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and, consequently, for the dynamic pressure
iUy _1 KM, )
K
2 20,05

Finally, one obtains: B=——— (Ohoe) x-1,

For given cyvalues

(14)

In the case of a flow where the skin friction distribution is provided, one may

write B in a somewhat different way: the skin friction coefficient can be expressed

as
C 2
1
5 Pl
2
u

It follows that: B=c; L; .

Pyl

If the freestream conditions are given by the Mach number M., one may easily

calculate the reference density by

p.=—te.

O x-1

€

From previous consideration we have

M
ue=\/.6°:,/ KRT,

Therefore, the dynamic pressure (skin friction normalization factor) has the

following form:

1 K

O k-1 e O k-1

[ e

PuUy _1 KpoM,

K

2 2(Ohoe) k-1 |
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2
Finally, one obtains B=c; & (Oh )Ti . (15)

If the skin friction normalization factor corresponds to the far field conditions,
the index "e" in above the formula must be substituted by "eo".

12.4.4 Maximum mass flow rate through a perforated plate

Measurements with active suction downstream of the passive control cavity
has inspired to also use the maximum possible suction mass flow rate. It is
obtained by a direct connection of the suction cavity to the vacuum tank. In this
case the flow is choked at the holes of the porous plate and there is no possibility
of the mass flow rate measurement by means of a sonic nozzle. It became
essential to carry out special measurements to determine the effective Mach
number in the porosity holes corresponding to the case of choking.

Mass flow rate measurements are based on the following pressure data:

-static pressure on the main-flow side of the porous plate,
-pressure in the suction cavity,
-pressure in the throat of the sonic nozzle.

The pressure drop across the porous plate is thereby determined and, assuming
that the stagnation temperature is constant in the measurement system, the mass
flow rate obtained from the throat pressure.

Measurements have been carried out for three sonic nozzles corresponding to
three different mass flow rates. For each nozzle the length of the suction plate has
been changed from its maximum of 45 mm (corresponding to 44 rows of holes)
down to the minimum, i.e., a single row of porosity holes.

At a certain length of the suction plate, a transfer of the choking location
should take place. At the large plate sizes the choking takes place in the sonic
(metering) nozzle, for short plates it should take place at the porous plate. The
change in the choking location was expected to be noticeably displayed by the
following effects:

e asudden drop of the nozzle pressure and the suction cavity pressure,

a decrease in the pressure difference between the suction cavity and the
nozzle,

e if choking takes place in the sonic nozzle, the nozzle and suction cavity
pressures are independent of the downstream condition, i.e., essentially the
vacuum tank pressure,

e if choking takes place at the porous plate, the suction cavity and nozzle
pressures should depend on the tank pressure.

The main aim was to determine the My at which the flow is choked at the
plate. This is an effective Mach number and should, of course, be lower than
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unity. In the analysis of the present test results, this Mach number was determined
to be Myge = 0.57

The knowledge of this value allows the determination of the maximum mass
flow rate through a porous plate at different flow parameters. It is very useful for
the processing of experimental data in cases where choking at the plate takes
place. It is also a guideline for numerical simulations providing a limit to the mass
flow rate.

12.5 Numerical simulations

Numerical simulations, carried out earlier, have shown that two dimensional
calculations displayed significant deviations from the experimental results,
especially downstream of the shock wave. It was, therefore, decided to carry out
three-dimensional calculation to determine whether 3-D effects were possibly
responsible for the observed discrepancies or whether other effects, like
turbulence modeling, were to blame.
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Figure 13 Wall static pressure in the interaction area

The 3-D simulations have been performed by the Navier-Stokes code KAPPA
used at the University of Karlsruhe. Flows with passive control as well as regular
shock boundary layer interactions have been calculated. In Fig.13 the results
concerning the no-control case presented. The comparison between the
experimental wall static pressure distribution and the corresponding 2-D and 3-D
calculations indicates that the main discrepancy between experiment and 2-D
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calculation has been eliminated by the 3-D approach. This confirms the existence
of major three-dimensional effects in the channel flow which have, it is judged,
however, no influence on the conclusions with regard to control efficiency.
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13 Active Control of Swept Shock Wave / Boundary

Layer Interactions

H. Babinsky

University of Cambridge, Department of Engineering
Trumpington Street, Cambridge, CB2 1PZ, England

Summary

The control of a swept shock wave / turbulent boundary layer interaction was
studied experimentally and numerically. Suction was applied to a passive control
cavity and through a slot at various positions relative to the inviscid shock
location. It was observed that the application of suction from a passive control
cavity lowered the plateau pressures and that strong suction effectively removed
any beneficial shock smearing. Slot suction applied upstream and underneath the
interaction was found to steepen the shock induced pressure rise whereas
downstream suction had the opposite effect. In all cases, suction was found to be
successful in counteracting the increase of boundary layer parameters
(displacement and momentum thickness and shape factor) through the interaction.
Data obtained from the numerical simulation of active control generally confirmed
these trends. Of the three turbulence models investigated (Baldwin-Lomax,
Johnson-King, Cebeci-Smith) none was found to be superior.

13.1 Introduction

While the other investigations of Task 1 focus on two-dimensional
configurations, the work presented here was performed on an oblique shock wave
/ boundary-layer interaction in order to study the influence of sweep in addition to
the other significant physical parameters. This is of relevance to transport aircraft
which invariably feature swept wings. Previous work performed as a contribution
to the Euroshock (I) programme [1] investigated three different angles of shock
sweep while keeping the shock-normal Mach number approximately constant at
1.15. During these investigations no fundamentally different results were observed
when passive control was applied to these three configurations and for this reason
the present study was limited to the investigation of only one shock sweep angle
as described below. The angle chosen was the largest of the previous
investigation. This was thought to maximise any potential sweep effects while also
providing the largest spanwise extent of the interaction zone, thus reducing end
effects.
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Figure 1 Sketch of experimental configuration

Table 1 Experimental conditions

Mo 5 B8 Po Mj P2/P1 | Re (m’})
Free-stream | deflection | shock | reservoir | shock-normal | pressure jump | free-stream
M angle angle | pressure | Mach oumber through shock Re
1.80 6 |39.5°| 0.24 1.14 136 | 3.3x10”7

MN/m? m-!

13.2 Experimental conditions

The work was carried out in the Department of Engineering's supersonic wind
tunnels, which are capable of simulating a naturally grown turbulent boundary-
layer at a Reynolds number equivalent to cruise conditions on an aircraft wing at
3m chord. The wind tunnel (working section: 0.15m x 0.11m) is operated at a
Mach number of 1.85 and a swept shock wave is formed by a 6° wedge placed on
the wind tunnel ceiling as seen in Fig. 1. The shock-normal Mach number is 1.15,
which is comparable to that observed on transonic aircraft wings. A number of
important flow parameters are summarised in Table 1. A plenum chamber (0.2m x
0.05m) is placed underneath the swept shock in the side-wall of the working
section at an angle of 40° to the free stream direction. This can be covered with
either a porous surface or various solid plates featuring a single suction slot (see
Fig. 2). The porous surface is covered by a large number of laser drilled holes to
give an open-to-closed ratio of 8%. As seen in Fig. 2b) three suction slot positions
were tested, namely, upstream, undereath and downstream of the inviscid shock
surface. The slot width in each case was Smm.

Suction was applied by connecting the plenum chamber to a high-pressure
driven ejector and the suction mass flux was controlled by inserting orifice plates
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in the suction line and ensuring choked conditions across them. Consequently, the
suction mass flux is a function of the orifice diameter and the total pressure in the
plenum chamber (see Table 2). With the porous surface fitted and no suction
applied (suction line blocked off), the configuration is equivalent to passive
control.
For comparison with other research it is useful to define the following
parameter:
q
“Thuw M

where q is the suction mass flux per span, p. and U. are the density and flow
velocity at the boundary layer edge and & is the displacement thickness of the
incoming boundary layer. Using the corresponding values (for &" refer to sub-
section 13.4.3) and the spanwise extent of the suction plate (0.2 m x sin 40°), the
relationship between suction mass flux for each orifice plate and C, is given in
Table 2. Note that the actual mass flux for each orifice plate depends on the
pressure in the suction cavity and therefore varies slightly between experiments
depending on the surface pressure distribution. The values given in Table 2 are
averages for each orifice plate.

Table 2 Suction mass flux for various orifice plates

Orifice @ [mm] | 3.3 4.6 5.6 6.5 7.2 102 | 12.5
m [g/s] 1.0 1.8 2.5 3.5 42 8.0 11.0
Cu [-] 0.013 | 0.023 | 0.033 | 0.046 | 0.055 | 0.104 | 0.143

Flow visualisation was carried out using a standard z-type single pass schlieren
system and surface oil flow visualisation was performed in some cases. Due to the
small size of the laser drilled holes in the porous plate, oil flow visualisation was
not possible for active and passive control configurations as the oil would have
affected the porosity.

Surface pressures were recorded along three approximately streamwise rows
(Xi, X3, X3), as seen in Figs. 2. For these measurements, Druck pressure
transducers were connected to the pressure taps via a short length of tubing.
Boundary-layer Pitot traverses were performed upstream and downstream of the
interaction at the locations shown in Fig. 2. The Pitot pressures were measured
with a flat-head boundary layer probe measuring 0.13 x 3 mm. The internal
dimensions of the opening were 0.05 x 2.7 mm. The surface pressure at the
traverse location was measured simultaneously with the traverse signal. To
calculate velocities, constant pressure across the boundary layer as well as
Crocco’s velocity-temperature relationship were assumed.
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Figure 2 Control positions and measurement co-ordinate systems
13.3 Numerical simulation

All computations were performed with a finite-volume implicit algorithm
which solves the full three-dimensional Reynolds-averaged Navier-Stokes
equations as described by Dawes [2]. The code was originally developed to
investigate turbomachinery flows and was later modified by Leung and Squire [3]
for the current configuration. Note that in the present calculations the energy
equation is not solved and that total enthalpy is assumed constant. This results in
considerable savings of computing time with little effect on the overall accuracy,
as discussed by Holmes and Squire [4]. During Euroshock (I), the same code was
used to study passive control. Since computing power has improved in recent
years it was possible to significantly increase the number of grid points to generate
a higher mesh resolution. The mesh itself is similar to that employed in Euroshock
(D), featuring refinement at the walls and throughout the interaction region. The
number of grid points and equivalent physical dimensions are given in Table 3.
For comparison, the relevant figures for Euroshock (I) are also included.

Table 3 Computational domain and grid size

Physical Dimensions Number of Grid Points
(X Xy X Z)
Euroshock I[1] 235 x 76.2 x 240 64 x 46 x 80
Present Investigation 235 x76.2 x 240 90 x 64 x 106

The porous surface was simulated by removing the no-flux condition from the
wall-facing side of some of the cells adjacent to the side-wall. Since the shock
aligned grid did not overlap the porous plate exactly, all cells cutting the edge of
the porous region were treated as part of the porous plate. This increased the
effective area of the porous region by less than 0.5% of the plate size. The flow
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inside the plenum chamber was not simulated, instead, the static pressure inside
the plenum cavity was evaluated to estimate the flow velocity through the surface.
This was achieved by using an analytical relationship between the mass-flow
through the porous surface and the pressures on either side and iteratively varying
the cavity pressure until mass conservation was satisfied, i.e. the net mass-flux
was equivalent to the suction mass flux applied to the control cavity (within 5
x 1073 g/s). In order to save computing time, this iteration was performed only
once every five time steps, during which the cavity pressure was kept constant.

The functional relationship between mass-flux and static pressures was
determined from a number of experiments with a calibration rig, similar to the
apparatus described in Chokani and Squire [5]. It was found that suction and
blowing were not strictly symmetrical and the best fit to the experimental data was
achieved from the following relationship:

B
PuwVy — A(pa — Dy ]

p mean p mean (2)

where Pmeas = (Pa + Pb)/2 and A and B were set to the values given in Table 4. A
comparison between the experimentally measured values of mass flux and the
predictions using equation (2) can be seen in Fig. 3.

Table 4 Parameters used in Equation 2

A (sm]) B
suction 3.15 x 104 0.6052
blowing 2.98 x 104 0.6298
g X 1078
5l -
< e
E e
5%
o2 x ¥
4 } 993:‘" x
o7x"
2 9(9,
f x Experiment, roughness upstream
& o Experiment, roughness downstream
---- Calculation
0 i . 1 n L 1
0 01 peitaP [par} 0.2 03

Figure 3 Mass flux through porous surface, comparison of exp. and polynomial curve-fit
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In the general case it appears reasonable that the temperature as well as the
tangential wall velocity influence the mass-flux. In the present experiments the
temperature of the calibration tests was similar to the wind tunnel test and a
temperature dependence is therefore neglected. The effects of tangential velocity,
however, have not been investigated and are subject to future studies.

The preliminary calculations used three turbulence models, namely Cebeci-
Smith, Baldwin-Lomax and Johnson-King. The effect of wall transpiration on
turbulence is known to be confined to the inner region of a boundary-layer [6].
Modifications to the Van Driest damping term to account for wall transpiration
effects were implemented into all three turbulence models by Chokani and Squire
[5]. To account for the crossflow effects, the T-model proposed by Rotta [7] for
the anisotropic modification was used with a modelling constant of 0.7.

13.4 The Uncontrolled Interaction

Before discussing both active control and slot suction, the following section
describes measurements and simulations performed on the interaction without
control. The understanding of the uncontrolled flowfield is crucial for the
evaluation of various means of control and therefore more detail is provided here.

13.4.1 Flow Visualisation

In the case of an uncontrolled interaction, it is possible to replace the side walls
of the working section with optical windows. A schlieren photograph taken with
this arrangement is given in Fig. 4. The wedge mounted at the top of the working
section as well as the main swept shock wave can be seen clearly. Originating
from the trailing edge of the wedge an expansion fan can also be observed
penetrating into the flow domain. Furthermore, there is evidence of a number of
disturbance waves originating form the floor of the tunnel and penetrating into the
centre of the flowfield.

Figure 4 Schlieren photograph of a swept shock interacting with side-wall boundary layer
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Figure 5 shows a photograph of the surface oil-flow pattern observed on the
side-wall. It can be seen that the surface flow is deflected downwards by the
wedge and the influence of the expansion fan downstream can also be seen
clearly. Closer examination reveals that quasi-2-dimensional conditions can be
achieved in the centre of the flowfield. As expected for the relatively small shock-
normal Mach number, there is no indication of any flow separation in the
interaction.

Figure 5 Surface oil-flow visualisation of uncontrolled interaction

13.4.2 Surface pressures

Figure 6 gives the surface pressure distributions observed along the lines X,
X, and X;. In each case, X=0 is the location of the inviscid wedge shock. It can be
seen that the flow is not entirely uniform across the working section and that the
strength of the shock induced pressure rise as well as its shape vary depending on
the spanwise position. The pressure distributions along X, and X, also show the
influence of the expansion fan downstream of the shock (see also Fig. 4).

Unfortunately the pressure rise along X, is distinctly less than that expected
and measured elsewhere and it is believed that this is due in part to the
disturbances seen in the schlieren photograph (Fig. 4). However, for the purposes
of this study the data recorded along X, is believed to be the most useful since it
suffers least from end-effects. Furthermore, all configurations will be compared to
each other and any disturbances originating upstream are likely to be present in all
cases.
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Figure 7 Boundary layer profiles upstream and downstream of uncontrolled interaction

13.4.3 Boundary layer profiles

Figure 7 compares the boundary layer velocity profiles upstream and
downstream of the interaction (for the exact location refer to Fig. 2). It can be seen
that the interaction increases boundary layer displacement and momentum
thicknesses by factors of 2 and 2.5, respectively.
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13.44 CFD results

Surface pressures:

Figure 8 shows the surface pressure contours obtained for the uncontrolled
interaction. This simulation was performed using the Baldwin-Lomax turbulence
model. Similar to the oil-flow visualisation obtained experimentally it can be seen
that a quasi-two-dimensional region exists in the centre of the flowfield, where the
interaction width is more or less independent of spanwise position. A detailed
comparison of CFD prediction and experiment for the uncontrolled interaction has
already been performed as part of Euroshock (I) and this is not repeated here.
However, for flow fields involving suction a detailed comparison will follow
below.

Figure 8 Surface pressure contours predicted by CFD

Velocity profiles:

Figure 9 shows the velocity profiles predicted upstream of the interaction for
all three turbulence models compared to the experimentally measured values. It
can be seen that the choice of turbulence model has only little effect on the
prediction and that all numerical profiles are slightly fuller than the experimentally
observed ones. Nevertheless, the agreement is reasonable and it is felt that all
three simulations captured the inflow satisfactory. By comparison, Fig. 10 shows
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the profiles obtained downstream of the interaction and again it can be seen that
the choice of turbulence model has only little influence on the shape of the profile.
To some extent, the Johnson-King and Cebeci-Smith models appear to capture the
flow slightly better, however, the differences are small. Overall, the agreement
between CFD and experiment is good.
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Figure 9 Velocity profiles upstream of the interaction (CFD and exp.)
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Figure 10 Velocity profiles downstream of the uncontrolled interaction (CFD and exp.)
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13.5 Active Control-Suction Applied to Passive Control Cavity
13.5.1 Surface Pressures

Figure 11 shows the surface pressures recorded for an uncontrolled interaction
as well as for active control at various suction levels along all three streamwise co-
ordinate systems. It can be seen that the effect of suction is similar at all three
spanwise positions, although along X, the influence of control is only small. This
is due to the fact that this location is close to the edge of the control cavity (see
Fig. 2) and that the interaction itself is not yet fully developed. Along X, the
maximum pressure reached behind the interaction falls some way short of the
expected inviscid pressure rise, which is due to local non-uniformities in the
oncoming free-stream (as discussed earlier).
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Figure 11 Surface pressure distributions for active control at various suction levels
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It can be seen that for the case without suction (ie. equivalent to passive
control), a distinct plateau is formed in the pressure distribution. This indicates
that the shock wave has been split into a lambda structure and, if the control were
applied to a transonic wing, a saving of wave drag could be expected. The
application of suction from the plenum chamber has the effect of reducing the
pressure level at the plateau. This is due to the fact that suction shifts the balance
between upstream blowing and downstream suction across the porous plate (see
also Fig. 15). It appears that low to moderate suction levels maintain some of the
beneficial upstream blowing, although large values of mass removal eradicate the
plateau and remove any beneficial shock smearing. For the maximum suction
level, there is also an indication of a reduction in the surface pressure immediately
upstream of the shock. In this case, the mass removal out of the cavity is large
enough to generate suction throughout the porous surface and hence cause a local
thinning of the oncoming boundary layer and an associated expansion fan. This in
turn strengthens the shock and reduces the interaction length, thus steepening the
pressure rise through the interaction.
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Figure 12 Velocity profiles behind the interaction for active control at
various suction levels

13.5.2 Boundary Layer Profiles

Figure 12 confirms the well known effect that passive control thickens the
boundary layer and reduces the shape factor; the velocity profile for the flow
without suction (passive control) is visibly less full than the solid wall (no control)
case. The presence of suction causes the profiles to be fuller as well as giving a
reduction in boundary layer displacement and momentum thickness. The two
cases featuring the strongest suction show a distinctly improved profile over the
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uncontrolled case. However, the same two cases were found to eradicate any
beneficial effect of shock smearing in the surface pressure traces of Fig. 11¢).

13.5.3 CFD Results

One of the objectives of this study was to investigate the performance of three
different turbulence models. Before this is discussed in detail, a comparison is
made between the numerical simulations and the experimental observations as
well as the effects of control. All numerical results shown for this purpose have
been obtained using the Bladwin-Lomax turbulence model. It will be shown later
that the choice of turbulence model does not significantly alter the general
conclusions drawn here.
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Figure 13 Surface pressure distributions for active control at various suction levels
(Baldwin-Lomax turbulence model)
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Surface pressures

Figure 13 shows the pressure distributions obtained from a numerical
simulation of the active control configuration. It can be seen that the trends in the
data are very similar to those seen in the experimental data of Fig. 11. In particular
it can bee seen that the interaction along X, is shorter in length and less affected
by suction. This is due to geometrical effects as discussed earlier. As in the
experimental data, the pressure distributions are similar along X, and Xj;, and
suction is seen to reduce the level of the pressure plateau observed. However, the
level of the plateau pressure is not accurately predicted and, even for a suction
mass flux well in excess of the experimental maximum, the plateau itself remains.
This is seen more clearly in Fig. 14, which compares the average level of plateau
pressure for experiment and simulation.
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Figure 14 Average plateau pressure obtained from experiment and simulation

While the numerical simulation can be seen to significantly overpredict the
plateau pressure itself, the effect of suction mass flux is remarkably similar for
experiment and simulation showing an almost linear decrease with increasing
suction levels. Due to the overprediction of the plateau pressures by the simulation
a significantly larger mass-flux is required to eradicate the pressure completely.

Transpiration velocities

Figure 15 shows the distribution of the transpiration velocity along X, for a
variety of suction levels. It can be seen that suction reduces the blowing in the
upstream part of the cavity. However, even suction levels in excess of the largest
experimentally tested case, do not completely eradicate any blowing. This is
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somewhat in contradiction to the experimental observation and is likely to be
connected to the difficulties in predicting the correct plateau pressure.
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Figure 15 Transpiration velocity distribution along X, for various suction levels
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Figure 16 Velocity profiles downstream of the interaction (active control, CFD)

Velocity profiles and integral boundary layer parameters

Figure 16 shows the velocity profiles obtained from CFD for the actively
controlled interaction. The trends are very similar to those observed in the
experimental data presented in Fig. 12. Again it can be seen that large suction
mass fluxes can reduce boundary layer thickness and shape factor to values below
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those observed for the solid wall (uncontrolled) interaction. This is seen more
clearly in Fig. 17, which compares the displacement and momentum thicknesses
downstream of the interaction for all cases. It appears that in each configurations
there is an almost linear reduction of displacement thickness with mass flux.
While the experimental and CFD data exhibit the same trend of decreasing
thicknesses with increasing suction, the actual levels can be seen to be quite
different and CFD is seen to consistently underpredict the displacement thickness
downstream of the interaction.
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Figure 17 Boundary layer thickness downstream of the interaction for various
levels of suction
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Figure 18 Contours of surface pressure from CFD (Baldwin-Lomax)
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Three-dimensional effects

Figure 18 shows surface contours for the controlled interaction without suction
and with maximum suction (20 g/s). It can be seen that in both cases there is a
significant region of quasi-two-dimensional flow. Near the upstream edge of the
control cavity there is a short region of adjustment, where the shock induced
pressure rises changes from the uncontrolled behaviour near the wedge corner to
that observed throughout most of the control region. After this transition there is
no sign of any unexpected three-dimensional effects and in general the pressure
contours are well aligned with the control cavity. A similar conclusion can be
drawn from the experimental and numerical pressure distributions shown earlier in
Figures 11 and 13. This confirms the observation from Euroshock (I) [1] that the
swept case shows a very similar behaviour to a comparable two-dimensional case.

Influence of turbulence modelling

Figure 19 shows the surface pressure distributions along X, for all turbulence
models and various control configurations. It can be seen that the choice of
turbulence model has very little effect on the pressure distribution, although it was
noted that the Johnson-King model was prone to spurious oscillations in the case
of passive control. It was generally found that the computation of passive control
proved to be more difficult than the simulation of cases with suction. Overall,
however, it is not felt that any turbulence model provides significantly superior
predictions of surface pressure distributions.
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Figure 19 Surface pressure distributions along X, for different turbulence models
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Figure 20 shows the velocity profiles obtained from the CFD predictions using
all three turbulence models. In the case of passive control (Fig. 20a), there is little
difference between each prediction, although the Baldwin-Lomax model is
slightly closer to the shape of the experimental data. For an actively controlled
interaction (Fig.20b), there is a pronounced difference between the Baldwin-
Lomax model, which fits the experimental data very well, and the other two
simulations. Overall it appears that no model can give consistently better results
and it is felt that the Baldwin-Lomax turbulence model may be preferable since it
is relatively simple and well established.
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Figure 20 Velocity profiles downstream of the interaction for different turbulence models

13.6 Slot suction

As part of the current investigation, a second control mechanism was tested.
This consisted of discrete suction slots of approximately one boundary layer
thickness in width, located in three locations relative to the inviscid shock. While
this device is not strictly speaking a shock control, but rather a boundary layer
control device, it promises to reduce the viscous drag without increasing the wave
drag. It may even be possible to locate a suction slot in a position were it has some
beneficial effect on the shock induced pressure rise. No numerical simulation was
attempted for this control mechanism.

13.6.1 Flow Visualisation

Figure 21 shows the surface oil flow pattern obtained with the suction slot
upstream of the inviscid shock position (see also Fig. 2) without and with
maximum suction. It can clearly be seen that the application of suction changes
the flow downstream of the slot. There is also a small change in the flow upstream
of the suction slot: without suction there is a small amount of flow turning in this
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region, whereas with suction the streamlines enter straight into the slot. For the
other two slot positions, the effects observed were relatively small and no
fundamental conclusions can be drawn.

a) no suction b) max. suction (10g/s)

Figure 21 Oil flow visualisation with suction slot upstream of inviscid shock location

13.6.2 Surface Pressures

Figure 22, a — c, show the pressures recorded for slot suction, with the slot
being at three different locations. Comparing the pressure distributions for a solid
wall ("No Control') with the traces for 'No Suction' highlights the effects the slot
itself has on the flowfield. It can be seen that slot positions underneath and
downstream of the inviscid shock location cause severe disruption of the
downstream pressure distribution. Behind the shock the velocity relative to the
slot-normal direction is subsonic (or transonic) and the flow is therefore very
sensitive to surface variations. In contrast, a slot upstream of the swept shock does
not cause significant flow disturbance.

When comparing the data gathered for the three different slot positions it
should be noted that the suction levels vary depending on the configuration, This
is due to the fact that the pressure in the plenum chamber is approximately
equivalent to the static pressure at the slot location. The mass flux through the
same orifice plate is therefore larger when the slot is downstream of the inviscid
shock where the wall pressures are higher. In practice it would be easier to achieve
high suction rates in positions where the wall pressures are high and this, to some
extent, illustrates this effect.

The introduction of suction shows that the effects are very different, depending
on the slot location. As before, the upstream slot position causes the smallest
effects. Oil flow visualisation indicated that suction changes the flow immediately
upstream of the slot, however, no pressure taps were present in this region and
elsewhere the effects of suction are relatively small. However, suction does
slightly reduce the pressures upstream of the shock and steepen the subsequent
pressure rise. This effect is most likely due to the thinning of the boundary layer as
it enters the interaction.

197



0.22

——No Control
—a—9.8g/s
0214 -x—7.0g/s
-a-38¢g/s
0.20 4 —a-3.1g/s
—+—23¢g/s
L0194 —16gs
s ——08g/s
0.18 4 ——No suction
------- Inviscid
0.17 4

0.15 v T
-110 % -70 50 30 -10 10 30 50 70 90
a) upstream slot position X, (mm}
0.22 -
——No Controt
—a—1150g/s
021 - BOgs
—8- 4.2¢/s
0201 —— 35g)s
—+— 269/
0.19 - —— 184g/s
[ —o— 09¢g/s
& 0.18 ——No suction
------- Inviscid
0.17 4

0.15 A
-110 %0 -70 50 30 -10 10 30 50 70 90
b) central slot position X, [mm]
0.22 4
0.21 ——No Controt
—a—1349/s
0.20 —»— 9.2¢g/s
—5— 4809/
—a— 399/
< o9 —— 294g/s
= —20gs
0.18 —— 1.0g/s
——No suction

0174 e Inviscid

016 7 g Siot Pos.
0.s —
-110 90 70 50 30 -10 10 30 50 70 90
¢) downstream slot position X; [mm]

Figure 22 Surface pressure distributions for slot suction at various suction levels

In the case of the slot being positioned behind the shock, suction does reduce
the pressure rise through the interaction, which had been steepened significantly
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by the presence of the slot. With maximum suction applied, the pressure rise is
restored to values comparable to the solid wall interaction. Compared to the
effects caused by the slot upstream, the influence of suction is much more
pronounced here.

The case of the slot directly underneath the inviscid shock (Fig. 22b) is the
most complex. While the presence of the slot alone appears to have widened the
interaction, even small levels of suction strongly affect the upstream influence and
large suction levels generate an expansion just upstream of the shock and
considerable steepening of the subsequent pressure rise. This case exhibits the
largest upstream effect of slot suction.

13.6.3 Boundary Layer Profiles

Figure 23, a — c, show the velocity profiles measured downstream of the
interaction for all slot positions at various suction levels. Also included are
measurements taken with the suction slot in place but without any suction applied.
It can be seen that the presence of a suction slot has different effects on the
boundary layer profiles: for the slot in the upstream position (Fig. 23a) there is
relatively little change, while the slot underneath and downstream of the inviscid
shock position (Figs. 23 b and c) cause an increased free-stream velocity.
Additional experiments confirmed that for the two latter cases there is a region of
increased Pitot pressure which extends for several boundary layer thicknesses into
the free-stream flow. Comparison with the surface pressure measurements (Fig.
22) show that the boundary layer traverse is in a region where the flow is
considerably disturbed. Therefore it is likely that the slot undemeath or
downstream of the shock causes a region of enhanced flow velocities behind the
shock. However, it is also possible that the assumptions of constant static pressure
throughout the boundary layer are not valid in this region and that the velocity
data is therefore flawed.

The application of suction has very similar effects in all cases. The profiles
measured in the presence of suction are visibly fuller and thinner and in all cases it
was possible to generate profiles which were fuller and thinner than that observed
for the uncontrolled interaction. However, it can also be seen that this was hardest
for the case of the suction slot upstream of the interaction. The maximum mass
flux in this case was less than for the other cases due to the lower pressures at this
point (reducing the density of the air being sucked away). There is no evidence of
any 'magnification effect' through the interaction and it appears that downstream
slot positions are more effective in changing the boundary layer parameters
through suction.
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Figure 23 Velocity profiles behind the interaction for various slot positions
and suction levels
In order to compare the ability of suction slots to reduce the boundary layer

thickness, Fig. 24a shows the displacement thicknesses measured for all slot
locations and suction levels. For comparison the data obtained for active control is
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also included. Similar to active control, there is a steady drop of displacement
thickness with increasing suction mass flux. However, the boundary layer
thicknesses for zero mass flux are all different. This is caused by the differences in
flow disturbance caused by the presence of the control device. For active control
this disturbance was greatest since the zero suction case is equivalent to passive
control which is well known to significantly disrupt the boundary layer. To gain a
relative comparison of the ability of suction to reduce the boundary layer
thickness, Fig. 24b shows the same data but normalised using the displacement
thickness obtained for each configuration when the suction mass flux was zero.
Plotted in this fashion, the CFD and experimental data for active control agree
very well with each other and the slot results also coincide. However, the two
groups of results show different trends and it can be seen that, for the same mass
flux, suction through a porous surface has a larger effect on the boundary layer
development.
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Figure 24 Displacement thickness downstream of the controlled interaction

This is somewhat surprising and may be due to the fact that suction through
the porous surface not only improves the boundary layer directly (similar to slot
suction) but also reduces the detrimental effects of blowing as observed for
passive control. In this case suction has therefore two simultaneous effects which
both help to reduce the boundary layer thickness downstream of the interaction.
However, considering a practical application, suction through a porous surface
requires significantly more pump power to overcome the losses encountered in the
small diameter holes. This can be seen in the present data by the differences in
maximum mass flux reached for the different configurations. The same orifice
plate achieved approximately 25% more mass flux for slot suction (downstream
slot) compared to the porous surface.
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13.7 Conclusions

Suction applied to the control cavity of a typical passive control arrangement
reduces the beneficial effects of shock smearing while also reducing boundary
layer thickness and shape factor. Relatively small amounts of suction are capable
of restoring boundary layer parameters to levels similar to those observed behind
an uncontrolled interaction while still retaining some of the beneficial effects of
passive control. Large amounts of mass flux, however, remove and even reverse
any shock-smearing due to control.

A numerical simulation has been found to model the effects of suction from a
passive control cavity relatively well, but it overpredicts the plateau pressure
observed in the controlled interaction and therefore underpredicts the effects of
suction on the removal of this plateau region. While the increase in boundary layer
thickness through the interaction is not well predicted, the influence of suction on
the boundary layer displacement thickness is predicted very well.

Three turbulence models have been investigated, namely, Baldwin-Lomax,
Cebeci-Smith and Johnson-King. The influence of these models on the
simulations has been limited and no model was found to provide the best result in
all cases. However, throughout, the Baldwin-Lomax model performed relatively
well and since it is well established in the field and relatively easy to implement it
may be the best choice.

From both, experimental and numerical data of active control it can be
concluded that sweep effects are secondary. The control of swept interactions
behaves fundamentally similar to comparable two-dimensional flows.

Suction applied through a narrow slot upstream of an interaction has relatively
little effect on the surface pressure distributions. Large suction levels reduce
upstream influence and steepen the shock, but compared to other slot positions the
effect is small. Slots underneath and immediately downstream of the interaction
have a noticeable effect on the pressure distribution. Suction underneath the shock
reduces upstream influence and steepens the shock markedly, whereas suction just
after an interaction has the opposite effect.

If the aim of suction is to improve boundary layer parameters while also
preventing the shock induced pressure increase from getting too steep, the best
configuration appears to be either the application of small amounts of suction from
a passive control cavity or slot suction immediately downstream of the shock /
boundary layer interaction.
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Summary

The present work reports the overall research activity conducted by CIRA within
the EUROSHOCK 1I project (Task 2). The aim was to improve aerodynamic
airfoil performance (drag reduction and buffet onset) using shock and boundary-
layer active control techniques. The numerical flow simulation has been
performed using the computational capabilities developed within EUROSHOCK
(I) and the results have been validated through comparison with the experiments
performed in Task 3. The method is based on a viscous-inviscid coupling
technique and on different models for the calculation of the transpiration velocity
on the airfoil surface which have been implemented and tested during the first
phase of the activity. The control techniques which have been applied are: bumps,
discrete slot suction, passive and active ventilation through perforated plates, and
their combinations. A new concept of “pneumatic” bump, based on distributed
blowing, has been tested and compared with the classical contour bump. Tests
performed on both, laminar and turbulent airfoils have confirmed the results of the
present numerical analyses.

14.1 Introduction

The interaction of a shock wave with the boundary layer has received large
attention in the last decades, and it still represents a topic of high interest for
modern transport aircraft. Drag rise, flow separation and buffet, adverse
aerodynamic loading, poor engine inlet performance are some examples of its
effects, with negative consequences on the aircraft overall performance. The study
of the viscous effects, present in all these phenomena, has led to the development
of many concepts for the control of both, shock wave and boundary layer. These
can be divided in active (energy consuming) control techniques, such as intelligent
bumps, suction/blowing, and passive control concepts which make use of devices
such as a passive plenum, LEBUs and riblets.

The study of SaBLC (Shock and Boundary Layer Control) techniques was the
subject of the European project EUROSHOCK II (European Shock Control
Investigation II). It was aimed at assessing active shock control techniques in
order to improve the aerodynamic characteristics of transonic aircraft wings by
reducing total drag and by raising the buffet limits at higher speeds [1]. The
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necessity of studying active control was the consequence of the limitations of
passive control treated in EUROSHOCK (I) especially regarding drag reduction
[2]. In fact, reduction of drag was obtained for turbulent type airfoils [3] at very
limited conditions, while the efficiency of passive control in alleviating buffet has
always been demonstrated.

The present work describes the overall activity conducted by CIRA in the
framework of the above project. Calculations have been performed for two types
of airfoils, viz., turbulent (VA-2, RAE-5225) and laminar (DRA-2303, DA-LVA-
IA). The aim of this numerical test campaign was to validate computational
methods modified for SaBLC modelling and to assess the effectiveness of the
active control. 2D calculations have been performed using the EUBL2D code,
based on the viscous/inviscid coupling between an Euler solver and an integral
boundary-layer code, previously modified to include the effect of transpiration {4].
A study of different transpiration laws, including Poll's law [5] and the law
proposed by the University of Karlsruhe [6] within Task 1, has been performed.
Some studies on the grid spacing, as well as on Mach number correction, to be
applied in the calculations, have been performed. The quasi-3D flow analysis on
infinite swept wings has been performed using the EUBL.SW code based on the
sheared wing theory. Special attention has been payed to the evaluation of the
effect of control on drag and on buffet alleviation and to the comparison with the
experiments performed in Task 3[7].

The present paper has been structurated as follows: after a brief introduction,
the second section gives a general description of the control concepts investigated
here and of the corresponding numerical tests. The third section includes a brief
description of the computational capabilities, of the tests performed to assess the
control law and of the modifications made in order to improve the agreement with
the experiments, such as the optimization of the grid step, or the calculation of the
Mach number correction. The following sections are entirely dedicated to the
results of the computations performed for different types of airfoils and wings,
using different control techniques. An important feature is the comparison with the
resuts of the experimental measurements.

14.2 Description of the Control Concepts

Different active control techniques have been tested in Task 2 of
EUROSHOCK 1II. As illustrated in Figure 1, they are based on bumps or on
localized or distributed ventilation. Their combinations (hybrid techniques) have
also been considered. The study also included the optimization of the control
parameters (geometry and position of the bump, intensity of ventilation and
location of the holes, etc.).

The control of the interaction region can be performed either by applying a
passive device, like a perforated surface with a plenum cavity underneath
generating a natural ventilation, or applying active control devices, based on local
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surface modifications (bumps) or forced ventilation through a single slot or
through the perforated plate, mentioned above, with a given pressure in the cavity.
In the cases in which the passive control effect is not effective in reducing the
overall drag, the use of active control techniques or their combinations represents
a promising alternative. In Figure 1, a sketch illustrating different control concepts
is depicted.

The active control technique through a cavity (Figure 1.1) is aimed at
controlling the flow in the plenum by fixing the total mass flow or the cavity
pressure p,,,. For the optimum value of these parameters, the maximum overall
drag reduction might be obtained by balancing wave drag reduction due to a
decrease in pressure difference between the regions upstream and downstream of
the shock, and friction drag increase due to the flow through the holes of the
perforation. The “bump” configuration (Figure 1.2) produces the effect of the
boundary-layer growth in the shock region upstream of the shock wave. In case of
the latter, the upstream diffusion of the high pressure gradient due to the shock

wave, which takes place in the subsonic layer, determines a 8~ growth over the
interaction length L. This generates compression waves in the adjacent supersonic
region along L', which reduce the shock wave intensity. The growth effect is more
visible if the shock wave/boundary-layer interaction generates a separation
bubble.The discrete and distributed suction techniques (Figure 1.3) are mainly
aimed at diminishing the tendency of the boundary layer to separate. The location
and the intensity of suction are to be optimized for each particular case. Localized
suction is more attractive than the distributed suction since a lower friction drag
increase is expected.

Since the individual techniques composing the hybrid methods (Figure 1.4) are
aimed, separately, at reducing the shock wave intensity and the tendency of the
boundary-layer to separate, the methods are refered to as SaBLC (‘Shock and
Boundary-Layer Control’) concepts.

An interesting extension of the porous wall control concept is the “multi-box”
plenum device, proposed by CIRA. As illustrated in Figure 2, it consists of a
divided plenum chamber underneath the airfoil surface which communicates with
the external flow by means of a “multi-slot” surface, allowing a separate control of
the internal pressure in each box, and thus of the intensity of the ventilation
(suction/blowing) through each slot. The device, based only on ventilation, has the
advantage of easily simulating discrete (distributed) suction, blowing
(“pneumatic”, flexible bumps) and their combinations at locations, intensities and
type of ventilation (constant, parabolic, etc.) optimized for each flight regime. As
demonstrated by the computations performed within the EUROSHOCK project,
the improvement of the airfoil performance due to the device, such as drag
reduction and buffet alleviation, warmly recommends it as a valid alternative to
the adaptive bump.

Of the control techniques enumerated above, bumps, including “pneumatic”
bumps, slots and perforated plates have been tested for both, turbulent (RAE-
5225) and laminar airfoils (DRA-2303, DA-LVA-1A) and the results compared
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with the experiments performed in Task 3 and others.

An important task of the EUROSHOCK II project was the investigation of the
effectiveness of the above control concepts on swept wings of transport aircraft.
To this end, a numerical investigation of the ADIF sheared wing has been
performed, using a quasi-3D (2.5D) flow approximation, focusing on the bump.
The results have then been compared with the measurements performed in the
TWG wind tunnel of DLR Géttingen.

14.3 Improvement of Computational Capabilities

14.3.1 Theoretical Background

A viscous/inviscid method, EUBL2D [8], originally developed for transonic
flow calculation has been extended to include flow control through ventilation [4].
The method is based on the iterative coupling of 2D Euler and integral boundary-
layer equations. The unsteady Euler equations in the integral form are solved
using a finite volume technique for the spatial discretization and a 4th order
Runge-Kutta scheme for the time integration [9]. Artificial viscosity is introduced
by means of a blend of second and fourth differences with adaptive coefficients.
Multigrid technique [10], enthalpy dumping, residual averaging and the maximum
allowed time step in each cell are used as convergence acceleration methods. The
boundary-layer equations are solved using Cohen-Reshotko's method [11] in the
laminar case and Green's compressible integral lag-entrainment method in the
turbulent case. Using the procedure indicated in [12] for the case with control,
Kays and Moffat's law for the C; correlation allows to take ventilation velocity
into account by means of the correction term B; which depends on the
transpiration.

1.25
In+B,)
Cf0=cf0{_§_f} (+8,)" M
f
m
B, =2—2% )
1=,
C H -
—f —09 —=—-04| -05 )
Cro H,
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In the above notations, referring to the boundary-layer variables, the subscripts
0 and s indicate the flat plate and the solid surface, respectively. A semi-inverse
scheme consisting of solving the direct Euler equations and the inverse boundary-
layer equations is used to couple the viscous and inviscid solutions. The
displacement thickness has been chosen as input parameter for the inverse
formulation; its updating is based on the difference between viscous and inviscid
velocities at the edge of the boundary layer in the attached flow region.

14.3.2 Assessment of the Transpiration Law

The simulation of the flow through the slot has been performed either by
considering a constant mean transpiration velocity at the grid points covering the
slot region or by using more precise laws such as Poll's law [5] or Bohning and
Doerffer's law [6]. The results of the calculations have demonstrated that the first
approach leads to a good approximation of the physical phenomenon.

Poll's law is the calibration law for laser-drilled plates; it has the following
quadratic form:

Y=%[40.7X +1.95X2] Q)

with
2 2
-5

X=— (7)

where d is the hole diameter, ¢ the thickness of the plate, Ap the pressure

difference across the surface, O the density, V the kinematic viscosity, #1 the
mass flow rate per hole, (4 the dynamic viscosity and K a calibration coefficient.

A new transpiration law implemented in the EUBL2D code aimed at taking
into consideration not only the pressure difference across the perforated plate, but
also the effect of the tangential component of the outer flow. It was developed
within Task 1 of the EUROSHOCK II project at the University of Karlsruhe by
Prof. Bohning and Dr. Doerffer. The transpiration law takes the form:
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The first term in (8) corresponds to the linear form of the law proposed by the
same authors in EUROSHOCK (I). It can be used in the case of blowing or when
the Mach number in the hole due to suction is very low. The presence of the shear
force at the inlet side of the wall, 7, causes a blocking of the flow through the

holes. The shear effect (7,,) is dependent on the intensity of the transpiration flow.

It has been quantified by introducing, in the second phase of the EUROSHOCK
project, a supplementary term depending on B, which is a function of 7,

normalised by the dynamic pressure in the hole, O.S(pu2 ),m,e , as indicated in (9).

The advantage of using Bohning and Doerffer's law instead of Poll's law may
be the use of dimensionless quantities as well as the use of the effective porosity,
measured in the calibration of the perforated plate, instead of the geometric
porosity used by Poll.

In order to check the calculation accuracy when computing the flow through
the holes, three common test cases have been considered by all Task 2
EUROSHOCK II partners {13]. These computations have been performed for the
DA-LVA-1A airfoil with passive (C;=0.0) and active control (C;=-0.0007 and
Cpeav=-0.72). The corresponding non-dimensional mass flow distributions,
calculated by CIRA, are depicted in Figure 3.

The corresponding global variables of the flow, namely the non-dimensional

total mass flow coefficient Cp, the non-dimensional average ventilation velocity
VP
u.,
Cug, are presented in Table 1.

An important aspect which has been considered during EUROSHOCK 1I,
concerned the agreement between the results when cavity pressure, Cpeq, or the

total mass flow coefficient, Cp, have been imposed on the transpiration flow

, the non-dimensional pump coefficient C,,, and the suction drag coefficient
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through the perforated surface of the airfoil. Differences have been found between
numerical results and experiments in the case of the DRA-2303 airfoil, especially
when prescribing the mass-flow coefficient. Since pressure measurement in the
cavity has been assumed to be more precise than the mass flow measurement, the
following numerical tests have been performed by imposing Cpq,.

Table 1 DA-LVA-1A, M=0.77, Re=4.64*10°

Co Vp/U., | Gy Cag

Cpea=-0.72 | 0.00037 | 0.00529 | 1.87702 | 0.00069

Co=0.0 0.00000 | 0.00113 | 1.93027 | 0.00000

Cy=-0.0007 | -0.00070 | -0.00091 | 2.03055 | 0.00142

Other tests refer to the agreement between Poll's law and the two laws
proposed by Bohning and Doerffer of the University of Karlsruhe (i.e., the linear
and the non-linear variant) [6]. Inspite of the fact that the non-linear law takes into
account the tangential component of the external flow, it was found here to be in
good agreement with Poll's law for both, an experimental porosity of 4% and for a
corrected value of 2.48%, the latter proposed by the University of Karlsruhe,
Figure 4.

A preliminary study of the linear and the non-linear variant of the new law has
shown that, especially for transonic Mach numbers, the velocity of the flow
through the holes becomes high enough (Mach number about 0.2-0.3) to make the
non-linear term quite important (about half of the total value).

14.3.3 Grid Refinement

A realistic simulation of the flow in the presence of the slot requires a
sufficiently high density of the grid points in order obtain a local C, close to the
theoretical one (C,;=Cy/Ls). If the grid spacing is larger than the slot width (Ls),
the total suction has to be distributed over a larger length and the suction level is
reduced correspondingly. Since the typical width of the slot is about 1.0% of the
chord, and in order to use more points in the slot region, the grid step size along
the surface has to be reduced to at least 0.5%c. This allows the presence of at least
two points in the suction slot region, which represents a compromise between
accuracy and stability. The influence of the grid refinement was initially
investigated for the NLF DRA-2303 datum airfoil, using grids of different
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dimensions. As indicated in Figure 5 and Table 2, tests have been performed at
both, constant incidence & =1.978° and constant Cy=0.747.

Along the airfoil surface 96, 144, 176 and 264 points, respectively, have been
used in the grid, while in the direction normal the airfoil surface the number of
points was of 48 and 72, respectively. As illustrated in Figure 5, the increased
number of points in the normal direction did not improve the agreement with the
experiments regarding the shock position and the total drag value, Table 2.
Concerning the surface point distribution, the use of an increased number of grid
points, keeping the number of points in normal direction constant (48 points),
indicates an improvement with regard to the shock position and the Cp-curve
slope in the shock region determined experimentally. The pressure distribution
near the trailing edge also improves. The total drag value does not improve by
increasing the number of points. On the contrary, the best agreement with the
experiments is shown by the case with the lowest number of nodes of the grid.
This encourages one to look for other potential corrections to be performed, like,
for instance, a Mach number correction, to improve agreement between
experiment and computation.

As described in the latter sections, the use of a refined mesh is required in the
case of suction through a slot. In fact, because of the width of the slot of 1% c, and
in order to insert at least two points in the control zone, the use of a grid step of
0.5% c is necessary. This requirement was fulfilled using the 264x48 grid, which,
together with the Mach number correction, led to the best results. This grid has
been selected as the best of all the grids considered.

Table 2 DRA-2303 Datum airfoil, M=0.6809, Re=19x10°

Grid o CN Cm Cd Cdpress

96x48 1.978000 | 0.757640 | -0.104073 | 0.012438 | 0.008438

176x48 1.978000 | 0.737400 | -0.100366 | 0.011423 | 0.007353

176x72 1.978000 | 0.749637 | -0.101474 | 0.010453 | 0.006424

144x48 2.238000 | 0.747067 | -0.093173 } 0.011927 | 0.008082

264x48 2.420000 | 0.746918 | -0.089997 | 0.011042 | 0.008323

Exp. DERA | 2.0960 0.7469 -0.1001 | 0.01293 -

14.3.4 Mach Number Correction

As shown in the preceding section, the grid refinement alone was not sufficient
to improve the value of the calculated total drag. Thus, a study of the influence of
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a Mach number correction was performed among other, for the DRA-2303 airfoil.
As illustrated in Table 3 and Figure 6, a small Mach number correction of about
0.6% is sufficient to improve the total drag value and the shock wave position in
comparison with the experiments performed with the DRA-2303 airfoil (and,
similarly, for the ADIF-3D sheared wing). The best agreement has been shown by
the results obtained using the corrected Mach number M,,,=0.685 for DRA-2303
airfoil (andM,,,=0.839 for ADIF-3D wing), instead of the experimental values of
0.6807 (and 0.852).

Table 3 DRA-2303 Datum airfoil, M=0.6807, Mcor=0.685, Re=18.89x10°, CN=0.6075

M o CN Cm C(l C{lp/ Czlw

Datumcor. | 0.685 | 1.605 | 0.607184 | -0.086767 | 0.009849 | 0.005778

Datum 0.6807 | 1.638 | 0.607448 | -0.085266 | 0.009251 | 0.005151

Exp. DERA | 0.6807 | 1.285 | 0.6075 -0.2463 | 0.00973 -

14.4 Numerical Results of 2D-Tests on Airfoils

A theoretical analysis of the application of active control has been performed
for the turbulent airfoil RAE-5225 as well as for the laminar airfoil DRA-2303.
Optimisation of the control parameters has also been performed. Results are
presented in the next sections.

14.4.1 Tests with the Turbulent Airfoil RAE-5225

Different control techniques like the bump, the suction slot placed upstream of
the shock, and a combination of both (hybrid method) were tested on the RAE-
52235 airfoil; the results are shown below.

e Bump

The RAE-5225 geometry was investigated with a bump in accordance
with DERA experiments previously performed. A circular shape of the
bump, positioned at x/c=[0.4:0.6], was chosen. The maximum thickness
(0.25% chord) was located at half-chord. Table 4 illustrates the favourable
effect of the bump on total drag, which is reduced by 8.61%
(computation) and by 13.67% (experiment), respectively. Figure 7 depicts
the control effect on the C, distribution. A good agreement with the
experiments is to be noted. The conclusion is that the bump mainly
reduces the shock wave intensity, thus contributing to the pressure drag
reduction. This result is explained by the ramp effect that transforms the
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strong, concentrated shock into a compression wave system spread over a
wider region. Compared to the techniques based on ventilation, the bump
has the advantage of a smooth surface; thus the excrescence drag due to
the roughness caused by the perforations and the additional drag due to
the flow through the holes, and pump drag are avoided.

e Suction Slot

The suction slot has been placed at x/c= [0.385:0.395]. Suction influences
mainly the boundary-layer by reducing its thickness and the tendency to
separation, even if skin friction Cy is increasing. Table 4 indicates a much
higher drag reduction in the case with bump (8.61%) than in the case
when suction has been applied (2.89%).

e  Hybrid Control Technique (Bump plus Suction)

As illustrated in Table 4 by the computations, the combined effect of
bump + suction is superior to each of the individual control techniques: in
fact, since the presence of the bump does not influence the Cy values, the
higher drag reduction (9.40%) obtained in the hybrid case, due mainly to
the bump, is also associated with the reduced tendency of the boundary
layer to separate, which is an effect of the suction. An optimisation of the
intensity of suction has been performed in both control cases, i.e., with
suction and bump + suction. For instance, for the suction test case, an
intensity of C,=-0.06, results in an increased total drag reduction
(AC,; =-3.15%) compared to AC, =-2.89% calculated with the

experimental value of the suction intensity, i.e., C;=-0.02.

Table 4 RAE-5225, M=0.73, Re=19x10°, CN=0.756, Cq=-0.02, x/c=[0.385:0.395

ACd

(04 CN Cm Cd Cdpre.\' Cdf ( % )

Datum 2.925 1 0.755112 | -0.099131 { 0.014577 | 0.010855 | 0.003722 -

Exp. DERA

2.959 [ 0.755392 { -0.0918 0.01192 - - -
Datum

Bump 2911 | 0.756817 | -0.099308 | 0.013322 | 0.009592 | 0.00373 | -8.61

Exp. DERA

3.016 | 0.757207 | -0.0903 | 0.01029 - - -13.67
Bump

Suct. 2.596 | 0.756109 | -0.110194 | 0.014155 | 0.008902 | 0.005253 | -2.89

BS““E’* 2,609 | 0.755959 | -0.109369 | 0.013207 | 0.008007 | 0.005200 | -9.40
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14.4.2 Tests with the DRA-2303 NLF Airfoil

The study of a laminar airfoil is significant regarding the efficiency of the
control techniques because in this case the shock wave is stronger. The control
effect on drag reduction has been studied at the transonic cruise conditions
M=0.685, Re=19x 10°, Cy=0.6, while the buffet study has been performed at
higher lift (Cy=1.05) and M=0.67, Re=19x10°. Different control techniques, like
the contour bump, the pneumatic bump, distributed/concentrated suction/blowing
and their combination (hybrid method), have been tested for the NLF airfoil;
results will be shown in the next sections. Special emphasis has been placed on
overall drag reduction and on buffet onset.

Bump

In accordance with the DERA experiments [7] for the DRA-2303 airfoil
with bump control, an asymmetric bump with a relative height of 0.25%
chord was placed at x/c = [0.485:0.685] on the airfoil contour. The bump
consists of two arcs; at their junction, situated at 57.5% of the bump
length, the slope of the bump contour is equal to zero.

The pressure distributions are depicted in Figure 8. As shown in Table
5 for the drag reduction, an excellent agreement can be noted between the
experiments (11.98% reduction) and the calculations performed (11.86%
reduction).

Table 5 NLF Airfoil with and w/o Bump, M=0.6801, Re=19x10%, CN=0.74

o4 o o (o Cp/Cay | ACA(%)
Datum | 2.200 | 0.7393 | -0.09249 | 0.011548 | 0.007621(p) .
Exp. DERA | ) 106 1 07469 | -0.1001 | 0.01293 ] ;
Datum
Bump | 1.898 | 0.7399 | -0.10243 | 0.010178 | 0.006172(p) | -11.86
Exp. DERA
B [ 2098107399 | -0.0989 | 0.01138 ] -11.98

Suction Slot

In the experiments performed by DERA in Task 3, suction has been
applied over a length of 1% of the chord, the control zone being situated
upstream of the shock. For optimisation purposes, numerical test cases
also took into consideration other slot positions, namely, downstream of
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and centred at the shock wave.

The pressure distributions are illustrated in the case of the shock-
upstream suction slot in Figure 9. The latter also contains a refined grid
test case (0.5%c) compared to the coarse grid step of 1.0%c. The porosity
of the plate covering the slot was 4%.

The calculations performed at a lower porosity (2.48%) led, at least for
the University of Karlsruhe law, to the elimination of the problem of
inconsistency which was noted, using a porosity of 4%, between the
results obtained imposing the cavity pressure and the total mass flow,
respectively. For the effective porosity of 2.48%, the total drag reduction
(about 4.8% for both laws) has been much closer to the experimental
value (7.5%) than the values obtained for 4% porosity (about 1%
specifying the cavity pressure) as indicated in Table 6.

Table 6 NLF Airfoil with and w/o Suction Slot, M=0.6807, Re=18.89x10%, CN=0.6075

a CN Cm Cd Cdp/ de ACd (%)
Datum 1.638 | 0.607448 |-0.085266 | 0.009251 [0.005151(p)| -
Exp. DERA || 5¢5 | 0.6075 | -0.2463 | 0.00973 - ;
Datum
Suct. (CQ=-

0.00007)-Poll

1.580 | 0.595787 |-0.084239| 0.00906 |0.004570(p)| -2.1

Suct. (CQ=-

0.00007)-U. Karl.

1.963

0.595222

-0.073376

0.009079

0.004816(p)

Suct.(Cpcav=-
1.2975)-Poll

1.600

0.595320

-0.083708

0.009195

0.004778(p)

Suct.(Cpcav=-
1.2975)-U. Karl.

1.700

0.587726

-0.079680

0.009181

0.004913(p)

Suct.(Cpcav=-
1.2975)-
U.Karl.(por.
2.48%)

1.578

0.595024

-0.084181

0.008812

0.004583(p)

-4.75

Suct. (Cp=-

2.48%)

1.2975)-Poll(por.

1.600

0.598879

-0.084272

0.008855

0.004631(p)

Exp. DERA
Suct.(

4.%)

M,,,=0.6793, por.

1.285

0.5953

-0.2428

0.00900
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e “Multi-box” plenum device

The new control device (“multi-box” plenum) which has been tested is
described in Chapter 14.2. Placed successively at x/c=[0.4:0.6] and
x/c=[0.55:0.75], the device is composed of 10 boxes, each one
corresponding to an open slot. Thus, the airfoil contour with the device
underneath becomes a “multi-slot” surface. By activating/deactivating
different slots at different locations, the “multi-box” plenum device can be
used for the simulation of distributed blowing, Table 7, or discrete
suction/blowing, Table 8. In order to reduce pump drag, a perforated plate
of variable porosity covering the “multi-box” plenum could be a viable

solution.

Table 7 NLF Airfoil with Distributed Blowing (CQ=+0.00007, M=0.685, Re=18.56x10°%)

04 Cw Cy Cop ACd(%)
Cq=0.00100,x/c=[0.4:0.6] | 2.000 ! 0.587972 | 0.010211 | 0.0071023 | +3.68
Cq=0.00050,x/c=[0.4:0.6] | 2.000 | 0.604082 | 0.009892 | 0.0067403 | +0.44
Cg=0.00005,x/c=[0.4:0.6] | 1.850 | 0.594570 | 0.009253 | 0.0060673 | -6.05
Cq=0.00010,x/c=[0.4:0.6] | 1.865 | 0.595333 | 0.009319 | 0.0061383 | -5.38
Cq=0.00010,x/c=[0.55:0.75] | 1.827 | 0.595375 | 0.009180 | 0.0059913 | -6.79
Const.bl.Cq=.0001,
x/c=[0.57:0.75] +
+ Discr.suct.Cq=-.01
x/c=[0.55:0.56] 1.683 | 0.595290 | 0.008589 | 0.0052963 | -12.80
Parabolic bl.Cq=.0001,
x/c=[0.57:0.751+
+Discr.suct.Cg=-.01,
x/c=[0.55:0.56] 1.680 | 0.595317 | 0.008584 | 0.0052897 | -12.84

An optimum of the intensity has been calculated in the case of distributed
blowing since a very strong blowing can lead to an increase in drag, indicated with
the "+" sign in Table 7, viz., +3.68% and +0.44%. The Mach number correction
(M=0.685 instead of M=0.6807, Table 3) has improved drag reduction from 2.11%
to 7.66% which is much closer to the experimental value of 7.5%, Table 8. Table
8 also shows that total drag reduction is not very sensitive to the slot position, and
that discrete blowing is less efficient than localised suction.
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Table 8 NLF Airfoil with Discrete Blowing/Suction
(CQ=+/-0.00007, M=0.685, Re=18.56E+6)

a Cl Cd Cdp ACd(%)

Upstr.suct.x/c=[.45:.46] | 1.835 [ 0.596466 | 0.009095 | 0.005799 | -7.66

Centr.suct.x/c=[.52:.53] | 1.810 | 0.596984 | 0.009071 | 0.005797 | -7.90

Downstr.suct.x/c=[.55:.56] | 1.825 | 0.600005 | 0.009068 | 0.005846 | -7.93

Upstr.blow.x/c=[.45:.46] | 1.957 | 0.595372 | 0.009676 | 0.006525 | -1.76

Centr.blow.x/c=[.52:.53] | 1.924 | 0.595421 | 0.009591 | 0.006427 | -2.62

Downstr.blow.x/c=[.55:.56] | 1.910 | 0.595960 | 0.009506 | 0.006335 | -3.48

Exp.DERA
Suct.x/c=[.45:.46] 1.285| 0.5953 | 0.00900 - -7.5
M=0.6793

Datum Mcor=0.685 1.605 | 0.607184 | 0.009849 | 0.005778 -

Exp. DERA

14.4.3 Comparison of Active Control Techniques in 2D

The effects of different active control concepts have been tested in the case of
the RAE-5225 turbulent airfoil: the bump aimed at reducing wave drag by
transforming the concentrated shock wave into a compression shock wave system,
and the suction slot which alleviates buffet by reducing the boundary-layer
separation tendency. The hybrid control concept, suction + bump, applied to the
RAE-5225 airfoil, combines the advantages of both techniques leading to the
highest drag reduction (A C4=9.4%, Table 4).

The control devices which have been tested on the DRA-2303 NLF airfoil are
the asymmetric contour bump, placed at x/c = [0.485:0.685], with a relative height
of 0.25%c, and the “multi-box” plenum device, placed at x/c = [0.55:0.75]. The
“multi-box” plenum device, described in Chapter 14.2, was used as a “multi-
technique” device allowing the simulation of different control techniques based on
ventilation (concentrated/distributed suction/blowing). An optimisation study,
concerning characteristic parameters of these control techniques, and a
comparison with both, classical contour bump and the “pneumatic” bump have
been performed.

Results for the bump test case and the optimised ventilation test cases, realised
by using the “multi-box” plenum device and described in detail in [14], are
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illustrated in Table 9 and Figure 10.

Table 9 NLF Airfoil, Re=19x10° - Comparison of Different Active Control Techniques

ACd
M x Cn Cu Cop %)
Datum 0.6850 | 1.605 | 0.6072 | 0.009849 | 0.005778 -
Exp. Datum 0.6807 | 1.285 | 0.6075 | 0.00973 - -

Contour Bump 0.6850 ] 1.295 | 0.5954 { 0.008960 | 0.004951 | -9.03

Distr.bl. Cg=.0001,

x/c=[0.55:0.75] 0.6850 | 1.827 | 0.5954 | 0.009180 | 0.005991 | -6.79

Discr.Suct.Cq=-.007,

xlc=[.45: 46] 0.6850 | 1.835 | 0.5965 | 0.009095 | 0.005799 | -7.66

Exp. Discr.Suct.,
Cg=-.007, 0.6793 | 1.285 | 0.5953 | 0.00900 - -7.50
x/c=[.45:.46]

Distr.bl.Cq=.0001,
x/c=[0.57:0.75]+
+Discr.suct.Cq=-.01,

x/c=[0.55:0.56] 0.6850 | 1.680 | 0.5953 | 0.008584 | 0.0052897 | -12.84

As shown in Table 9, the bump is an efficient shock/boundary-layer control
concept for reducing drag. The drag reduction of over 9% is explained mainly by
the important reduction of the pressure drag, Cg, due to the weakening of the
shock wave (Figure 10).

Regarding the ventilation techniques, the suction slot located upstream of the
shock has led to a drag reduction of 7.66%, in good agreement with the
experiments. Distributed suction is less effective than discrete suction since a
friction drag increase has been noted. Discrete suction is also efficient in
diminishing the tendency of the boundary layer to separate. Discrete blowing
results in a lesser total drag reduction than discrete suction, wherever the slot is
located. Distributed blowing through a “multi-slot” surface produces a
“pneumatic” bump effect. Two types of blowing distribution have been tested: the
parabolic distribution has shown to be more efficient in reducing drag than
constant blowing. The intensity of blowing is very important: a very strong
blowing can lead to an increase of the drag. An optimum for the location and
length of the “multi-box” region, the type and the intensity of the blowing
distribution has resulted in a total drag reduction of 6.79%.
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The hybrid suction/blowing concept is much more efficient than discrete
suction and distributed blowing applied separately; in the optimised test case, the
total drag reduction was 12.84%. This gain can be maintained over a range of
flight conditions due to the possibility of regulating the parameters of ventilation
(location, intensity, type of distribution) correspondingly.

Buffet has been studied using a semi-empirical criterion, defined in a statistical
manner, which defines buffet as the condition where the Mach number curve in
front of the shock is tangent to a “Mach number limit” linear function [15]. The
three linear functions, represented by the three straight lines (lower, middle,
upper) in Figure 11, indicate, in this order, the intensity of buffet also taking into
account, by their slope, where, on the airfoil, the probability of buffet onset is
higher.

Regarding buffet alleviation, the contour bump and the “pneumatic” bump,
generated by distributed blowing (Cq=0.0001 at x/c = [0.55:0.75] via the “multi-
box” plenum device, are the most efficient concepts. Thus, as depicted in Figure
11, at the same lift coefficient (Cy=1.05) where on the datum airfoil an extended
buffet is noted, the airfoil with the (pneumatic) bump only indicates the onset of
buffet. The influence of localised suction is minor, at least for the level of suction
(Co=-0.00007) used. Further studies [16] have shown that a ten times higher level
of suction can lead to the suppression of buffet.

As a conclusion, the bump and hybrid localised suction/distributed blowing
seem to be the most efficient concepts for drag reduction and buffet alleviation.
Since for the bump, varying bump profiles leads to different aerodynamic
characteristics, an optimisation of its geometry has to be performed at each flight
regime of interest. For example, for a fixed bump position on the airfoil, a
particular crest location may be associated with efficient buffet alleviation, whilst
another crest position corresponds to the highest drag reduction. But since
manufacturing of such an “intelligent” bump contour is still a challenge, the use of
the adaptive “multi-box” plenum device can be a valid alternative. In fact, the
device, based only on ventilation, has the advantage of easily simulating discrete
or distributed suction, blowing (“pneumatic”, “flexible” bumps), and their
combinations at locations, intensities and type of ventilation (constant, parabolic,
etc.) optimised for each flight regime.

14.5 2D/3D Tests for the ADIF Wing with Bump

14.5.1 Extension of the EUBL2D Method to Infinite Swept-Wing
Calculations

The CIRA EUBLSW method, which is an extension of the EUBL2D code to
sheared wings, has been used to perform 3D calculations for the ADIF swept
wing. The use of this strip theory approach has been permitted by the
characteristics of the present wing: an infinite swept wing whose sweep angle
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(A =26") corresponds to that of a contemporary civil transport aircraft; the

incidence of the flow represents the usual cruise angle of attack (¢ =1° —2°). The
sheared wing approximation, which allows de-coupling of streamwise and cross
flow, has been applied to perform aerodynamic calculations for the flow about
infinite swept wings. The method, which is rigorously exact for laminar flow,
introduces an approximation due to cross-coupling for turbulent flow. As shown in
Figure 12, the CIRA method (EUBLSW Code) consists of 2D Euler calculations
in the direction normal to the leading edge using the effective asymptotic flow

conditions
My =M y1-cos’a,sin*A (12)

Ay =tan"1(aw/cosA) (13)

and boundary-layer calculations along 3D streamlines using M, and o, .

14.5.2 Numerical Results

Both 2D and 3D numerical tests have been performed for the ADIF airfoil and
the ADIF sheared wing. Control has been applied using 2D bumps of three
different heights, viz., Hympp = 0.60%c, 0.35%c, and 0.175%c, respectively,
corresponding to 3D bumps of, respectively, Hyympsp = 0.54%c, 0.3146%c, and
0.1573%c, placed in the region of the shock wave. The bump has been defined as
the deformation of an elastic straight beam with both ends fixed under a load
acting at 75% of its length. The maximum deformation is therefore at 60% of the
bump length. The bump length is 20% of the airfoil chord.

® Test Cases with the Higher Bump
( Hlmmp2D =0.60% , Hbump3D =0.54% )

The first test case (Hyympap = 0.60%c) showed convergence problems, which
may be due to the excessive height of the bump which causes separation. To get a
converged solution, the use of the smoothing of the boundary-layer variables has
been necessary. Tables 10 and 11 illustrate the variation of the total drag due to
bump control: the Cp reduction is 17.3% in the 2D case and 15.8% for the 3D
calculations which are mainly due to pressure drag reductions of 25% and 22%,
respectively. The present bump has been successfully used to reduce the
separation tendency of the boundary layer in the 3D case but not in 2D. In fact, for

« =1.0%, the 2D bump shifts separation from x/c=0.9 (datum), to x/c=0.8.
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Table 10 ADIF-2D, M=0.755, Re=8x10%, CI=0.755

ACd

o Cl Cm Cd Cdp ( o )

w/o bump | 0.0020 | 0.754821 | -0.196423 | 0.016997 |0.0130516(p) -

with bump | -0.1880 | 0.755466 | -0.204579 | 0.014060 | 0.009779(p) | -17.28

Table 11 ADIF-3D, M=0.84, Re=9.9x10%, Cl=0.61

a c Ca c, Co | ACA%)

w/o bump | -0.3810 | 0.609438 | -0.154564 | 0.014124 | 0.009735(p) -

with bump | 0.0370 | 0.610827 | -0.137904 | 0.011889 | 0.007567(p) | -15.82

o  Tests Cases with the Lower Bump
( HbumpZD = 0. 175% N Hbu"lp3D = 0_1573% )

Numerical tests have been performed for the 3D test case when experimental
results from tests performed by DLR with the ADIF infinite swept wing became
available. Since the experimental 3D data for Cy and the Mach and Reynolds
numbers (Cy=0.574, M=0.852, Re=6.7x10°) as well as the transition location have
been modified with respect to the values of the initial (numerical) test case, the
numerical test cases have been re-calculated for the updated freestream flow
conditions. The new value of Re=6.7x10° represents the physical limit of the TWG
tunnel at DLR-Géttingen. Due to leading-edge contamination from dust particles
in the wind tunnel, transition has been changed from x/c = 30% on the upper
surface to x/c = 10%; on the lower surface transition fixing stayed at x/c = 15%.
For the new tests, the bump geometry has also been corrected by shifting the crest
position upstream, from 76% c to 71.5% c, in order to make the bump more
efficient by adjusting its position with respect to the real position of the shock
wave. Thus, the shock was positioned on the compression ramp formed by the

bump. The new geometric characteristics of the bumps are correspondingly
Xerest €=0.TLS, Xpumperes! louamp = 0.6, H 0, 1 € = 0.1573% .
New updated Mach number corrections were necessary for both, datum (Table
12 and Figure 13) and bump (Table 13 and Figure 13) test cases. Incidence and

Mach number corrections have been performed by fitting the shock location in
both, datum and bump test cases at the same C;. The agreement with experiment
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(ACy = 4.54%) is excellent for the corrected Mach numbers, the computed drag
reduction A C4 being an intermediate value between 3.32% and 6.22%, which are
the values corresponding to the different Mach number corrections (Mcor=0.839
and Mcor=0.841, respectively). Anyway, the computed efficiency of the bump has
been improved substantially by the shift in Mach number, now determining a drag
reduction instead of the initial drag increase of 3.0%.

Table 12 ADIF-3D Datum, Re=6.7x10°, Cl=0.574

a C C. Cy Cap/ Ca
Mcor=0.839 -0.045 | 0.576016 | -0.129151 | 0.008113 | 0.003668(p)
Mcor=0.837 0.000 | 0.578538 | -0.127632 | 0.008138 | 0.003656(p)
Mcor=0.835 0.000 | 0.575323 | -0.126159 | 0.007298 | 0.003175(p)
Exp. DLR (M=0.852) | 0.000 | 0.574 - 0.01323 -

Table 13 ADIF-3D with Bump, Re=6.7x10°, Cl=0.574

(04 G Cn Cy Cdp/de ACd(%)

Datum(M=0.839) | -0.045 |0.576016|-0.129151 [0.008113 [0.003668(p) | -

Exp. DLR Datum

(M=0.839) 0.0 0.574 - 0.01323 - -

Bump
(Mcor=0.839) -0.074 [ 0.573605 | -0.129734 | 0.007839 | 0.003636(p) | -3.38

Bump
(Mcor=0.841) -0.11410.574012 | -0.131601 | 0.007608 | 0.003388(p) | -6.22

Exp. DLR Bump
(M=.852) 0.25 0.576 - 0.01263 - -4.54

¢ Test Cases with the Intermediate Bump

(Hbump2D =0.35%c ’ Hbump}D = 03146%6')

The intermediate-bump-height test case was required due to the necessity of
finding an intermediate solution between the advantages offered by the higher
bump and those of the lower bump described above. The former works better at
high angles of attack, where it alleviates buffet onset, while the latter contributes
to total drag reduction at low incidences.

The test cases with the intermediate bump have been performed at three Cpyp-
values (0.5, 0.6 and 0.7) and the corresponding 3D-values in order to study the
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efficiency of the bump dependent on lift. As shown in Figure 14 for C=0.5, the
agreement with the 2D experimental data measured by DLR is excellent. Tables
14 to 18 illustrate the results of the 2D and 3D calculations with and without bump

control.

Table 14 ADIF-2D, M=0.757, Re=8x106, Cl=0.7

ACd

o Cl Cm C(I Cdp/ de ( 0)
wlobump | -02790 |0.706031 | -0.196802 | 0.013223 | 0.009415(p) | -
with bump | -0.308000 | 0.716740 | -0.201902 | 0.012071 | 0.008266(p) | -8.71
wlobump | -0.1560 | 0.731050 | -0.198990 | 0.014481 | 0.010683(p) | -
Exp. DLR 1 4 0.7308 ] 0.0170 ; ]
w/o bump
Exp. DLR | 65 | 07129 i 0.0135 ] 206
with bump

Table 15 ADIF-2D, M=0.757, Re=8x10°%, Cl=0.6

ACd

a CI Cm C(l Cdp/ de ( 0)
wio bump | -0.751000 | 0.600000 | -0.188348 | 0.009729 | 0.0058795(p) | -
with bump | -0.750000 | 0.614767 | -0.192786 | 0.009058 | 0.005208(p) | -6.87
Exp.DLR | 55 | 06393 i 0.0125 ] ]
w/o bump
Exp.DLR 1= 4| 06126 ; 0.0103 ] 176
with bump

Numerical and experimental tests on ADIF-wing have shown that the bump
works better at higher incidences, i.e., in the presence of strong shock waves: the
higher the bump, the higher the lift coefficient at which the bump begins to be
efficient in reducing total drag. For lower lift coefficients, the ADIF 2D lower
bump produced an increase in lift starting at a lift coefficient of 0.4, whilst the
higher bump of 0.35% chord becomes efficient for C; > 0.55. An intelligent bump,
which should adapt its shape and position to the external flow conditions, may
represent the ideal solution. For the 0.35% c high bump, the drag reductions were
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about 7 to 9% 1n the 2D case and 2.5 to 4% in the 3D case at a lift coefficient of
about 0.6 - 0.7. At lower lift coefficients, here C=0.5, this 2D-bump produced a
drag rise of 10% - 11%.

Table 16 ADIF-2D, M=0.757, Re=8x10°%, Cl=0.5

ACd
04 C[ Cm Ctl Cdp/ de (% )
w/obump | -1.159 |0.500011 | -0.182206 |0.008368 |0.004485(p)| -
with bump | -1.147000 | 0.508717 | -0.186120 | 0.009310 [0.005433(p) | +11.26
Exp-DLR |0 gsaso | - | 0.0105 : :
w/o bump
Exp. DER |0 | g40a3 | - | 00116 -