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Abstract

At off-design flow conditions conven-
tional as well as modern supercritical
transonic airfoils suffer from the occur-
rence of compression shocks and shock-in-
duced separations, causing a strong drag
rise due to additional wave and pressure
drag. Ultimately, strong interactions be-
tween the shock and the downstream separa-
ted flow field, the onset of "buffeting",
limit the range of applicability of a tran-
sonic airfoil. In an experimental investi-
gation, performed in the DFVLR 1m X 1m
Transonic Wind Tunnel, the effects of local
boundary layer suction through a single
slot, a double slot, and through a perfora-
ted strip were evaluated. It will be shown
that by active suction the overall aerody-
namic performance can be considerably im-
proved. Moreover, the double slot and the
perforated strip, each with a cavity
underneath the surface,
out suction a most favourable "passive" ef-
fect on the overall flow development, thus,
offering a very promising means for exten-
ding the limiting boundaries of transonic
airfoils.
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Subscripts

b.o. buffet-onset

d.r. drag-rise

s shock

T.E. trailing edge

1 conditions ahead of

shock
free stream conditions

1. Introduction

The interaction between the boundary
layer and a compression shock, which may
appear on the wing of a modern jet trans-
port aircraft at transonic speed, is one
of the dominating factors limiting the
range of applicability of a transonic air-
foil. Advanced transonic airfoils have, at
the design condition, an extended region
of supersonic flow on the upper surface,
terminated by a shockless recompression.

In comparison to a conventional airfoil at
the same flight velocity, the drag is,
mainly due to lower wave drag, substantial-
ly reduced. The shockless recompression,
however, is limited to a small range of
Mach number/angle of incidence combinations,
and deviations from the design condition
will result in the occurrence of a shock
and correspondingly increasing wave drag.
In addition, due to the strong pressure
gradient in the shock region the boundary
layer is drastically thickened, Fig. 1.,
thus increasing the pressure drag. At high-
ly "off-design" Mach numbers or incidences,
a rapidly growing shock-induced separation
bubble and/or a trailing edge separation
interact strongly with the shock, affecting
the entire flow field over the rear part

of the airfoil. Descriptions of this com-
plex interaction between shock and down-
stream flow development on transonic air-
foils have been given by Pearcey! and by
Stanewsky?®. Ultimately, the onset of shock
oscillations, associated with a loss of
lift and a very strong increase in drag,
mark the "buffet-boundary".

Experiments of Finke® on a circular
arc profile and a conventional airfoil at
transonic speed showed, that shock oscilla-
tions could be suppressed either by tan-
gential blowing or suction, the blowing
and suction rates, however, beeing fairly



high. At much lower suction rates (appro-
ximately an order of magnitude) the onset
of buffeting on a supercritical airfoil was
successfully delayed by the present authors
“75 applying single slot suction at the
shock location. Encouraged by these results
the investigation was continued with suc-
tion through a perforated strip and a doub-
le slot in the shock region, in order to
extend the effectiveness of local boundary
layer suction to a greater range of flow
conditions (shock locations). In the non-
suction case also the "passive" effect of
these suction arrangements in the shock
region was evaluated. Similar experiments
of passive shock wave-boundary layer con-
trol for transonic airfoil drag reduction
by placing a perforated strip with a cavity
underneath in the shock region were repor-
ted by Bahi et.al®. The large pressure dif-
ference over the shock leads to a combined
suction and bleed effect through the per-
foration and cavity, affecting the shock
strength and downstream flow development.
Savu et al.’ extended the perforated re-
gion and cavity to close to the leading
edge in order to suppress shocks on a tran-
sonic airfoil totally. So far, only theo-
retical considerations and some schlieren
photographs, but no measurements, have been
shown.

In the present paper the effects of
the three different suction methods as well
as the passive effect of the perforated
strip and the double slot on the aerodyna-
mic performance of the airfoil will be de-
nonstrated for a wide range of flow condi=-
tions. Characteristic flow features and
the effect of different boundary layer
thicknesses will be discussed.

2. Experimental Details

2.1 Test Set-Up

The experimental investigation was per-
formed in the Tm x 1m Transonic Wind Tunnel
Gottingen of the DFVLR, which is a closed-
circuit continuous tunnel with 6% open per-
forated walls. The model tested was the
two-dimensional supercritical airfoil VFW-
VA-2. Its general arrangement in the wind
tunnel is sketched in Fig. 2. The model
with a chord length of ¢ = 200 mm and a re-
lative thickness t/c = 0.13 spanned the
tunnel width and was attached at both ends
to rotatable end-plates in the tunnel side
walls, employed to change the angle of at-
tack, Fig. 3. The upper half of the rota-
table end-plates is of glass, providing
schlieren or other optical observations on
the upper side of the airfoil. The surface
pressure distribution was measured in the
symmetry plane at 32 positions on the upper
surface, including the trailing edge, and
at 22 on the lower surface. The lift was
obtained by integrating the measured pres-
sure distribution. Two-dimensionality of
the flow on the upper side could be checked
by two additional rows of pressure taps,
each 200 mm off the center section. The
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drag was evaluated from wake rake traver-
se two chord lengths downstream of the mo-
del. In addition, boundary layer measure-
ments-with a combined pitot-static-~direc-
tional probe were made in a plane 50 mm off
the center section®’®. The onset of buf-
feting was determined by schlieren obser-
vations on a video monitor and by oObser-
ving the RMS-value of the wing root bending
moment .

The basic model was equipped with
interchangeable inserts allowing measure-
ments with the surface closed, with a
single slot, a double slot, and with an
8 % open electron beam drilled perforated
strip. Position and details of the diffe-
rent suction arrangements are shown in
Fig. 4. The single slot was directly con-
nected to the suction duct, whereas the
double slot and perforated strip had a
cavity underneath the surface which was
connected to the suction duct by thrott-
ling holes. The suction duct was connected
outside the model at both ends to a com-
mon pipe leading to a vacuum reservoir.

In cases with suction, the mass flow rate
was measured in the suction line and set
for a constant suction coefficient of

co = 6 x 10-4 by a computer controled val-
ve.

2.2 Test Conditions

Most of the measurements were made at
an off-design Mach number of M, = 0.78
(design condition: Cp, = 0.55 at Mw = 0.75).
At this Mach number the shock was expected
to be located at the position of the suc-
tion devices. The Mach numbers covered
during the course of the measurements, how-
ever, ranged in some cases from M = 0.60
to 0.86. The Reynolds number, based on
chord length, was held agproximately con-
stand at Re, = 2.5 x 10° for all Mach
numbers tested. In order to simulate more
realistic turbulent flow conditions, the
boundary layer was artificially tripped by
carborundum strips placed at 30 % chord on
the upper and at 25 % on the lower surface.
For the single slot and the double slot
model at My, = 0.78 the effect of different
initial boundary layer conditions was in-
vestigated by placing the tripping device
on the upper surface at 8 % chord and at
15 %, respectively.

3. Experimental Results

3.1 Active Shock=-Boundary Layer Inter-
action Control

3.1.1 Effects on Force Coefficients

The experimental investigation of af-
fecting the shock-boundary layer interac-
tion on a transonic airfoil by local boun-
dary layer suction in the shock region
started with measurements on the single
slot model “'°® at M, = 0.78, At suction
rates as low as ¢g = 6 x 10~4, the aero-
dynamic performance of the airfoil at maxi-



mum lift conditions could be considerably
improved. This suction rate is reasonably
low to be feasible for practical applica-
tion, and higher suction rates showed only
small further improvements. Therefore, the
investigation of the effects of double slot
suction and suction through a perforated
strip was continued with the same suction
coefficient.

Although a greater range of Mach num-
bers has been investigated, the effect of
suction on the 1lift of the different model
configurations is shown in Fig. 5 only for
three Mach numbers close to the design Mach
number. The largest improvement at M_ =0.78
compared to the closed-surface model, is
gained by single slot suction, while suc-
tion through double slot and perforated
strip give still substantial, but somewhat
smaller improvements. Suction through the
perforated strip becomes less effective at
lower Mach numbers, and at M_ = 0.74 the
maximum 1ift is even lower than on the
closed surface model. Double slot suction,
on the contrary, is seen to be very effec-
tive at all Mach numbers shown. The 1ift
is appreciably increased and exhibits for
the lower Mach numbers even at high inci-
dences no distinct maximum. For Mach numbers
higher than the ones shown here, the same
trend in the 1ift curves was observed. Also
by suction through the perforated strip at
higher Mach numbers the maximum lift gene-
rally was increased %’°.

The drag as well is most favourably
affected by suction. In comparison with the
results of the basic closed-surface model,
pronounced drag reductions are observed for
all suction variants, but marked differen-
ces also occur between the various suction
arrangements, Fig. 6. At M_ = 0.78 and low
incidence the drag is unaffected by single
slot suction, but is considerably reduced
for o > 3.5°. Double slot suction reduces
the drag even at low incidence for all Mach
numbers shown. With increasing angle of at-
tack, however, the differences become less
or even zero at a certain incidence, but
then at higher o the drag is drastically re-
duced. Suction through a perforated strip
at M_ = 0.78 results in drag reductions of
the same order as double slot suction.

These dramatic changes in 1lift and in
drag are the consequence of influencing the
boundary layer development over the rear
part of the upper surface of the airfoil by
suction. Boundary layer measurements are
too time consuming as to be made at all
flow conditions, and they are especially
in the shock region or in a separation bubb-
le very problematic. Therefore, in the fol-
lowing the changes in lift and drag will be
explained by the variations of characteris-
tic flow features due to variations in the
boundary layer development.

3.1.2 Shock Location

On a transonic airfoil most of the
1lift on the upper surface is created by the
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supersonic region with correspondingly

low surface pressures. Measurements on the
present airfoil have shown that at constant
Mach number the lower surface pressure dis-
tribution is relatively unaffected by va-
riations of the upper surface flow. There-
fore, changes of lift are mainly due to
variations of the extent of the supersonic
region or of the shock location.

For a range of Mach numbers the shock
locations of the basic closed-surface mo-
del are shown in Fig. 7. The shock exhi-
bits the generally observed behavior of
moving downstream with increasing inci-
dence (and shock strength) to a certain
most downstream position (cpp X). Then a
rapid upstream movement, whicﬁ normally is
accompanied by shock oscillations (buffe-
ting) occurs. The latter could be observed
during the measurements in schlieren visu-
alizations and observing the RMS-value of
the wing root bending moment. By comparing
the shock behavior with a corresponding
1ift curve in Figure 5, the close relation
between shock location and 1lift becomes
evident.

By suction the shock behavior is dras-
tically changed, Fig. 8. On the single
slot model the shock is held in a rearward
position ahead of the suction slot over a
range of angles of attack, until it ab-
ruptly moves upstream and starts oscilla-
ting. Compared with the results of the
closed-surface model the shock is held by
single and double slot suction in a con-
stant rearward position over a much lar-
ger range of incidence, causing the corres-
ponding increase in lift. It is remarkable,
that for double slot suction the final up-
stream movement is not as abrupt as in the
single slot suction case, and that here no
severe shock oscillations were observed.

The range of constant shock locations
on the model with suction through a per-
forated strip is compared to slot suction
reduced, Fig. 9. The shock moves upstream
at even lower angles of attack than on the
closed-surface model for the lower Mach
numbers, and the shock location at M_=0.74.
being further upstream, reflects the lower
Clmax in Figure 5. At shock positions so
far upstream of the suction device shock
location cannot be expected to be affected
very much by suction. With increasing Mach
number and shock locations closer to the
perforation, the efficiency of suction is
increased.

3.1.3 Trailing Edge Pressure

Another characteristic flow feature
on transonic airfoils is the behavior of
the trailing edge pressure. Its rapid de-
crease to negative values indicates the
presence of a growing separated region, be
it a shock~induced separation bubble ex-
tending to the trailing edge, or a separa-
tion starting at the trailing edge itself
1+?2  Here, the trailing edge pressure be-
havior will be used to explain, at least



partly, the differences in drag occurring
in Figure 6.

The trailing edge pressures for the
basic closed-surface model are shown in
Fig. 10 for a range of Mach numbers and
angles of attack. They clearly demonstrate
by their decrease at a certain incidence
the occurrence of separation at the trai-
ling edge (see also the changes in the cor-
responding 1lift curves of Figure 5), with
a corresponding increase in drag. With
double slot suction, Fig. 11, the diver-
gence of trailing edge pressure is delayed
to higher incidences. At M_ = 0.76, for
example, the trailing edge pressure starts
to deviate at a = 4° on the closed-surface
model and at o = 5° on the double slot mo-
del. This difference in the occurrence of
trailing edge separation causes the large
drag reduction observed at the correspon-
ding angle of attack in Figure 6. Due to
the strong interaction between shock and
downstream boundary layer development on

the closed-surface model, the shock moves
upstream as soon as separation occurs at
the trailing edge. With double slot suc-
tion, however, the gradual decrease of
trailing edge pressures reflects a less
strong shock-boundary layer interaction,
and the upstream movement of the shock is
delayed even in the presence of trailing
edge separation. Suction through a perfo-
rated strip as well delays the occurrence
of trailing edge separation to higher in-
cidences, Fig. 12, but the rapid decrease
of trailing edge pressure indicates that
thereafter a very strong shock-boundary
layer interaction, causing severe buffe-
ting, occurs.

3.2 Passive Shock-Boundary Layer Inter-
action Control

The suction devices were placed at a
position on the model, where at an off=-
design Mach numbers of about M_ = 0.78 the
shock location was expected. The two slots
were 7.5 % ¢ apart and the perforated strip
was 7.5 % ¢ wide, each with a cavity under-
neath the surface which was connected to
the suction duct by throttling orifices.
Such arrangements (without suction) loca-
ted in a flow with a large pressure gra-
dient will produce a secondary flow through
the cavity. At the higher pressure some of
the boundary layer flow will be drawn into
the cavity and flow out in the region of
low pressure, eventually forming a small
separation bubble. The consequences of the
double slot/cavity and perforation/cavity
arrangements without suction on the flow
development and shock-boundary layer inter-
action will be discussed in the following.

3.2.1 Force Coefficients

The experiments on the different models
without suction were carried out in the
same Mach number range as in the cases with
suction. For clarity, however, only for
three relevant Mach numbers close to the
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design Mach number, the lift coefficients
of the models with double slot and with
perforation are compared to the results
of the closed-surface model, Fig. 13. The
double slot/cavity arrangement increases
at high incidence the lift considerably
in the entire Mach number range, without
showing distinct 1lift maxima. The strong
favourable effect of the perforation/cavity
arrangement, to be observed at M_ = 0.78,
vanishes at M_ = 0.76 and reduces at

M_ = 0.74 even the maximum lift. The drag
curves, Fig. 14, show drag reductions of
the same order as in the case with active
suction. Therefore, most of the improve-
ments in 1lift and drag have to be attri-
buted to the passive effect of the two
suction arrangements, which makes active
suction through double slot or perforated
strip unnecessary.

The most important parameter descri-
bing the efficiency of an airfoil is its
lift-to-drag ratio. These ratios are de-
picted in Fig. 15 as function of the lift
coefficient. Although the largest improve-
ments in lift and drag were measured at
high incidence, this figure reveals, that
even at the design-lift cp = 0.55, the
lift-to-drag ratio is appreciably increased
at all Mach numbers by the passive effect
of the double slot/cavity arrangement. For
the model with perforated strip at M _=0.78
the increase of this ratio is largest, but
is unknown for the lower Mach numbers, be-
cause only a few drag measurements were
made on this model.

3.2.2 Drag—-Rise Boundary

shock-
the flow
increa-

Due to shocks and eventually
induced separations, appearing in
field, wave and pressure drag are
sed, leading with increasing Mach number
at constant 1lift at some point to a rapid
rise in total drag, whose onset defines
the "drag-rise boundary". Different crite-
ria may be used to define this boundary.
For the model with closed-surface and with
double slot/cavity arrangement, the drag-
rise Mach numbers are compared in Fig. 16.
The drag-rise Mach number is here defined
as the Mach number for wich, for constant
1ift, the drag has increased by
Acp = 0.0020 with respect to the corres-
ponding value at M = 0.60. Due to the
passive effect of the "suction" device,
the drag rise is shifted most favourably
to higher Mach numbers or considerably
higher 1ift.

3.2.3 Buffet Boundary

The ultimate boundary for a transonic
airfoil, the "buffet boundary"”, is as well
most favourably affected by passively con-
trolling the shock boundary layer inter-
action, Fig. 17. Compared with the closed-
surface model, the onset of buffeting on
the model with perforation is unaffected
at lower Mach numbers, but delayed to con-
siderably higher 1ift coefficients at
higher Mach numbers. The double slot/cavity



shows to be effective in the entire Mach
number range. Furthermore, as mentioned
before, this device revealed, contrary to
the other configurations, no severe shock
oscillations in the schlieren observations
during the experiments, and only weak buf-
feting was indicated by the RMS-value of
the airfoil root bending moment. Beyond
My > 0.82 buffeting ceased completely, al-
though the flow was fully separated from
the shock to the trailing edge.

3.2.4 Shock Location

Details of the secondary flow in and
around the passive devices were not ob-
tained in the present investigation. There-
fore, the large improvements gained can
only be interpreted by the effects of the
secondary flow on characteristic flow fea-
tures. Due to the combined suction and
bleed effect of the double slot/cavity
arrangement the shock is located far more
downstream than on the model with single
slot without suction and on the closed-
surface model, Fig. 18. Hereby the lift is
increased and the more or less constant lo-
cation up to high incidences may explain
the non-existence of a lift maximum. The
perforation/cavity arrangement is not as
effective for the Mach numbers shown in
Fig. 19, but it is obvious that this de-
vice becomes more efficient at higher Mach
numbers with shock locations in the perfo-
rated region (see also buffet boundaries
in Figure 17).

3.2.5 Trajling Edge Pressure

Rapidly decreasing trailing edge pres-
sures indicate the presence of a separa-
tion at the trailing edge, increasing the
total drag. Compared with the closed-sur-
face model, the divergence of the trailing
edge pressures is delayed on the double
slot model, Fig. 20, which results in a
corresponding drag reduction. The same
trend is observed in Fig. 21 for the model
with the perforation/cavity arrangement.

Due to the strong interaction between
shock and trailing edge flow, the shock
normally starts rapidly moving upstream and
oscillating immediately after trailing edge
separation is indicated by the trailing edge
pressure. This behavior could be observed
on the closed-surface and single slot model.
By comparing Fig. 18 and 20, the strong
passive effect of the double slot/cavity on
the shock boundary layer interaction may be
demonstrated. Initially, at M, = 0.78, the
shock is located ahead of the rear slot,
Fig. 18, but the increasing strength of the
secondary flow out of the front slot with
increasing angle of attack causes the shock
to move upstream to a position ahead of the
front slot. Although the trailing edge pres-
sure indicates the development of a strong
separation, Fig. 20, the shock remains in
a most rearward location. From this fact it
is concluded that the double slot/cavity
secondary flow interrupts the interaction
between shock and trailing edge flow. This
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may explain not only the gain in 1lift but
also the occurrence of only very weak buf-
feting. The same trend is observed for all
Mach numbers tested. A comparison of Fig.
19 and 21 for the perforated strip model
at Me = 0.80 indicates the same effect of
secondary flow on the shock boundary layer
interaction in a certain range of inci-
dences as being the reason for the in-
crease of the buffet boundary at higher
Mach numbers. It is postulated that due to
the less concentrated inflow at the rear
of the perforation at a certain angle of
attack, however, the interaction between
shock and trailing edge flow can no longer
be suppressed and severe buffeting occurs.

4. Effect of Boundary Layer Thickness on
Shock-Boundary Layer Interaction Control

Efficiency

In the preceding chapters it was
shown that active suction through a sing-
le slot or a double slot improved the ae-
rodynanmic characteristics of the present
airfoil considerably and that in the case
of double slot suction a passive effect
was responsible for most of the improve-
ments. All measurements were made at a
constant Reynolds number with boundary
layer transition fixed at 30 % chord. The
Reynolds number capability of the wind tun-
nel, in which the measurements were made,
was too low to change boundary layer pro-
perties reasonably by Reynolds number va-
riation. In order to study the effect of
different boundary layer thicknesses on
the efficiency of active or passive shock
boundary layer interaction control, the
tripping device was placed further up-
stream to obtain a thicker boundary layer
at the interaction region.

On the single slot model transition
was fixed at 8 % chord instead of 30 % as
during the main experiments, which resul-
ted at an angle of attack of a = 4° in a
change of displacement thickness ahead of
the shock from Gﬁ/c = 0.0014 to 0.0022.

The gain in lift for both cases with suc-
tion is shown in Fig. 22a. Due to the thick
boundary layer the maximum lift is shifted
to a lower angle of attack and the in-
crease in 1lift is reduced. The shock loca-
tions at a = 4.5° for both transition loca-
tions are close to the suction slot, Fig.
22b, but for the thick boundary layer the
pre-shock Mach number is smaller than for
the thinner boundary layer, which causes
the difference in the 1lift increase due

to boundary layer control. Beyond Cypax

the shock has moved far upstream and suc-
tion becomes inefficient.

For the double slot model the transi-
tion location was changed only from 30 %
chord to 15%. The gain in lift due to ac-
tive suction as well as due to the passive
effect of the double slot/cavity arrange-
ment is depicted in Fig. 23. This figure
demonstrates again that most of the im-



provement in 1lift is gained by the passive
effect. The different boundary layer thick-
nesses have only minor influence on the
efficiency of passive shock-boundary layer
control below o = 5°. At higher incidences
the thick boundary layer reduces the effi-
ciency of the passive effect which for the
thinner boundary layer, remains highly ef-
fective. Note, that compared to the single
slot configuration, the trip was here only
moved to the 15% chord station.

5. Concluding Remarks

In the present investigation the inter-
action between the shock and the downstream
flow development on a transonic airfoil was
actively influenced by local boundary layer
suction in the shock region through diffe-
rent suction arrangements. Single slot suc-
tion at M, = 0.78 was most effective, due
to the concentrated suction at optimum po-
sition with respect to the shock location.
The maximum 1ift was considerably increa-
sed and drag reductions were obtained by
delaying shock-induced and trailing edge
separation. How the efficiency varies with
Mach number is not yet known, but presu-
mably the efficiency will decrease with
shock locations off the suction slot.

Suction through a double slot was ef-
fective in the entire Mach number range in-
vestigated ,largely increasing the 1lift and
reducing the total drag. Suction through a
perforated strip had only a favourable ef=-
fect at Mach numbers of M, > 0.76 and even
decreased the maximum lift at lower Mach
numbers.

Even without suction the double slot/
cavity arrangement exhibited in the entire
Mach number range tested - the perforation/
cavity arrangement only at higher Mach num-
bers - an unexpectedly strong passive effect
on the flow development in the shock boun-
dary layer interaction region and over the
rear upper surface. Due to the secondary
flow through the passive "suction" arrange-
ments, caused by the strong pressure gra-
dient in the shock region, the lift is in-
creased and the drag is largely reduced.
Thus, most of the improvements gained with
active suction must be attributed to the
passive effect. Although no details of the
secondary flow were measured, the large im-
provements can be explained by the behavior
of the characteristic flow parameters main-
ly affected.

Furthermore, it is postulated that the
double slot/cavity arrangement interrupts
or suppresses at high incidence largely the
interaction between shock and trailing edge
flow, thus delaying strong shock oscillati-
ons and hence the onset of severe buffeting.
The perforation/cavity arrangement gives at
higher Mach numbers also evidence of this
mechanism.

So far only one slot spacing and per-
foration width and constant cavity depth
have been investigated. Variations of these
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geometric parameters in further investiga-
tions may lead to even greater improvements
of the aerodynamic characteristics of the
airfoil. Measurements on a . larger model
utilizing more sophisticated measuring
techniques in the shock boundary layer in-
teraction region are planned for the near
future and are anticipated to reveal de-
tails of the secondary flow and its effect
on the overall flow development.
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