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ABSTRACT

This report summarizes results of experi-
mental investigations conducted in the
course of a Franco-German cooperation,
the aim of which is to find out the bene-
fits of spanwise blowing at subsonic
speeds and high angles of attack.

Aerodynamic and system-integrated effects
due to concentrated spanwise blowing are
demonstrated regarding

o stability and control
o high lift performances and -bounda-
ries B
for a basic fighter-type pilot model.

In a first step the position of the blow-
ing jet was optimized relative to the
wing upper surface.

Configurational items were considered
such as )

o0 clean wing
o strake wing
o high 1lift configuration

In a second step the angle of attack re-
gime investigated was extended up to 90°
for the selected strake-wing configura-
tion.

Analysis of the results shows marked im-
provements of aerodynamic characteristics
utilizing concentrated spanwise blowing,
which proves to be powerful and simple

- means to increase maneuver performances
at high angles-of-attack.

I. INTRODUCTION

Spanwise blowing was originally intro-
duced to improve the high-1lift (high
angle-of-attack) capabilities of (fighter
type) aircraft. Hence this technique has
to be seen in the light of the contradic-
tory claims made on a fighter wing which
arise from the requirements for good low

speed and transonic/supersonic performan-

ces and flying qualities as well.

Satisfying this compromise in a modern
way hybrid wing planforms or strake wings
were developed (F16, F17, F18). These
wings draw their superiority at high
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angles-of-attack from the existence of
strong, separated leading edge vortices
shedding from the sharp noses of the
slender highly swept strakes. This type
of generating concentrated stable vortex
systems is thus based on planform items
and profile characteristics.

To generate similar beneficial, non-linear
aerodynamic effects on arbitrary plan-
forms, transversal or spanwise concentra-
ted blowing is used, which then induces
analogous improvements i.e. non-linear
increase of 1lift with a.o.a. and conse=-
quently reduced lift-dependent drag for
near zero-leading-edge-suction condi-
tions.
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This coincides with the scope of investi-
gations carried out by a working group
named "Wings With Controlled Separation",
which is sponsored by the German M.o.D.
Members are research engineers of DFVLR,
MBB and VFW-F.

Fig. 1 shows the general approach taken

by this group to generate and / or stabi=-
lize and control separated vortices with
the objective of developing "Separation
Controlled Wings". The parameters and
devices listed in Fig. 1 were all inveg-
tigated. This paper is concerned with
the items printed in fat letters and
hence will present combined and selected
effects of strakes and/or spanwise blow-
ing. The extension of this technique to
extreme angles-~of-attack was done in co-
operation with O.N.E.R.A.

* This research was supported by the German Ministry of Defence
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Before presenting details of the research
programme some justification for applica-
tion of spanwise blowing in the afore-~
mentioned sense has to be given. Fig. 2
shows the approximate "state of the art"
for the manesuver boundaries of a typical
fighter aircraft as derived from the ex-
perimental programme described above. The
possible regions of application of span-
wise blowing are denoted with numbers (@
to .
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MANEUVER BOUNDARIES FOR A TYPICAL
FIGHTER CONFIGURATION AND REGIONS OF
APPLICATION OF SPANWISE BLOWING

For a wing loading W/S 400 kp/m2, H
0/ ISA drag curves for different normal
load factors are plotted versus Mach num=~
bers. For stationary maneuvers an upper
limit is defined by the intersection of
the nz-curves with the nominal thrust/
weight ratio, here assumed T/W 1.0
{(thrust or drag boundary).

In the low speed regime the 1lift boundary
CLmaxusé becomes decisive. Hence we can
separate four regions, defined by the in-
tersection of the boundaries.

(D 1imited by thrust or lift; spanwise
blowing is applicable but we shall
find drastic reduced ¢py~values with
increasing M-number, see ipsert
chart cp (M) for constant mjy - V3

thrust limited; no "thrust reser-
ves" for spanwise blowing

thrust and lift limited

1ift limited, excess thrust for
spanwise blowing available.

@

©)
®

Hence, as spanwise blowing is known to be
a non-linear technique, extending the 1lift
boundary as well as the angle-of-attack
of maximum lift,but not restoring L.E.
suction (as BLC methods tend to do thus
shifting the drag curves down), the low
speed region is the primary field for
application of spanwise blowing.

Nevertheless there are possible applica-
tions of this technique in transonics as
demonstrated in the next paper by DIXON,
DANSBY and POISSON-—-QUINTON.
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II. EXPERIMENTAL PROGRAMME

The first part of the experimental pro-
gramme was directed towards the optimisa-
tion of the blowing locus for different
configurations. The tests were carried
out in the 3 x 3m low speed tunnel of
DFVLR G&ttingen and were restricted to
angles-of-attack O £ 30° due to model
size and blockage reasons. The configu-
rations and parameters investigated are
schematically sketched in Fig. 3.

The position of the blowing jet relative
to the respective wing upper surface was
varied by different nozzle locations

o 3 chordwise positions
(%D/cy = 0.10/0.25/0.40)

o 3 nozzle heights
(2D/d = 1.0/%.5/2.0)

o 4 nozzle sweep angles
(APp = 5°/1009/159/189)

A®p is defined as incremental sweep
of the nozzle axis relative to the
sweep of the respective constant %
chord line, positive aft.

Comparison of Configurations or cy, = const.
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FiG. 3 CONFIGURATIONS AND PARAMETERS
INVESTIGATED

The nozzle position on the strake wing
was at 10% root chord of the strake wing
with axis parallel to the strake L.E.
(759, see point ). Simultaneous blowing
on two chordwise positions was possible.
Basic and strake wing configurations were
tested clean as well as with high-lift
flaps applied. Additionally a flap system
"above the wing" (socalled KASPER-con-
cept) was studied.

The second part of the experimental pro-
gramme was directed towards the investiga-
tion of the effects of spanwise blowing at
extreme angles-of-attack O = 0 + 90°.
These tests were carried out in the ¢ =8m
tunnel S1 ONERA Modane in the course of a



scientific cooperation with O.N.E.R.A.
Primary objective of this phase was to
find out the effects on performance, sta-
bility and control and,last notleast,on
buffet- and departure-characteristics at
these extreme incidences.

ITI. MODEL AND APPARATUS

All the tests were executed with the MBB
Low Speed Pilot Model, which is sketched
in Fig. 4 (top), using the basic wing
defined by an aspect ratio ARR = 3.2,
ding edge sweep ALg = 32° and a taper
ratio A = 0.3.

lea-

Rudder
Viet

Aileron £90°
Fowler-Flap 0-90°

Forebody Jet
Fins @

Horizontal
i
all movable

Canards @, @
all movable

3x3m L.S Tunnel, DFVLR Gottingen

FIG. 4 PILOT MODEL

The wing is twisted and cambered. Wing
modifications consisted of a maneuver
flap system (L.E. slats and T.E. single-
-slotted fowler flaps) and detachable
strakes, which could be replaced by ca-
nards of identical exposed area (11% of
basic wing reference area). The strake
under consideration here has a straight
L.E. of 75° sweep. Conventional controls
as rudder, ailerons and taileron were
used, with extended range of deflections.

The photo in Fig. 4 (bottom) shows a side
view of the pilot model mounted in the

3 x 3m L.S. tunnel of DFVLR Gdttingen.
The different chordwise positions of the
nozzles are evident: the most forward po-
sition used when the strake is attached,
3 positions above the basic wing (10/25/
40% root chord) and one position at 25%
flap chord, when the flap is deflected
30° as shown in the photo. The nozzles
are housed in a fibre-glass fairing. Two
sets of nozzles were available: exit dia-
meter 15 mm (2 2.6% c,) and 7.5 mm

(2 1.3% c,).

The convergent nozzles were usually dri-
ven with supercritical pressure ratio.
The blowing system was sting mounted and
so arranged force free within the model;
by that, mere aerodynamic, induced effects
of spanwise blowing were measured.

IV. RESULTS

Iv. 1. Optimization of Jet Position

and Direction

This chapter is concerned with the con-
ventional angle-of-attack regime @ <€ 306,
and all the tests were executed in the

3 x 3m L.S. tunnel of DFVLR Gottingen at
Re-Numbers of ~2.0 + 106.

IV. 1.1 Basic clean wing without strake

As already noted in Fig. 3 the optimum
position of the nozzle was found varying
the chordwise location XD/c,, nozzle axis
height above the wing ZD/d and jet sweep
Yp,for a constant supercritical blowing
coefficient ¢y = 0.1. The criterion used
is the maximum lift increment ACLpax in-
duced by spanwise blowing.
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FIG.5 OPTIMIZATION OF JET POSITION AND
DIRECTION

In Fig. 5 part of the optimization pro-
cess 1s plotted for constant nozzle
height, varying chordwise position and
jet sweep angle.

Optimum position is defined by

o chordwise position at 40% root
chord

nozzle height 1.5 ¢

blowing direction @Yp= ALg
(AYp = 15° = blowing approxima-
tely parallel to wing leading
edge)

Nozzle height was found to be the most
insensitive parameter in this range in-
vestigated (2D/d = 1.0 + 2.0).
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F16.6 EFFECTS OF SPANWISE BLOWING ON LIFT,
PITCHING MOMENT AND DRAG
(STRAKE OFF)

Fig. 6 gives the influence of increased
blowing intensity ¢, on the development
of 1ift, pitching mgment and drag.

Dominant effects are

o increase of maximum 1ift with si-
multaneous increase of angle of at-

tack of maximum lift

linearized pitching moment without
significant changes in zero-1lift
moment and neutral point position

reduced 1lift dependent drag at high
incidences

Drag is further analysed in Fig. 7a, b.
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At high lift coefficients lift-dependent
drag is drastically reduced by increased
blowing coefficients ¢, as demonstrated
in Fig. 7a by the induced drag factor K.
A "plateau" is developingywhich is shif-
ted to lower K-values and extended to
higher 1ift coefficients with increasing
¢ye The curve for ¢y = 0.1 gives a simi-
lar trend as found for the strake wing
without blowing.

Fig. 7b shows that there is an increase
in the minimum drag level CDyin due to
spanwise blowing. This is an analogon to
the quasi-camber effect already found in
Fig. 6 for the lift curves, which are
shifted parallel at low incidences,simi=-
lar as flap deflections tend to do. This
"camber—-effect" was not found in the
pitching moment curves (constant center
of pressure for varying jet coefficients
cy) . :
p
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FIG.8 BLOWING EFFICIENCY ON CLEAN BASIC

WING CONFIGURATION
EFFECT OF ¢y AND NOZZLE DIAMETER

Dividing the jet-induced 1lift increment
by the inducing jet coefficient gives an
efficiency factor CL/cp of the technique,
relative to the effect of a hovering jet
(ACL/CP 1) .

In Fig. 8 this aerodynamic amplification
factor L/Cp is plotted versus cy for

optimum angles-of-attack and two diffe-
rent nozzle diameters. It is well known,
that supercritically driven blowing jets
are more effective in producing additio-
nal 1ift. Hence the smaller nozzle (¢ =
7.5 mm) is more effective at low cp-va=-
lues than the (¢, < 0.08) still subcriti-
cal working big nozzle (¢ = 15 mm).

IV. 1.2 Clean Strake Wing

For the strake configuration the nozzle
locations investigated are the same as
for the basic wing with an additional po-
sition at 10% root chord of the strake
wing (see Fig. 3 and Fig. 5). The possi-
bility of combined blowing exists (simul-
taneously working nozzles on the strake
and the basic wing).

The superior jet position found was that
blowing on the strake parallel to the
leading edge at a nozzle height of 1.5 ¢
above the wing surface.



Similar trends as resulting for the basic
wing are found for 1lift, drag and pit-
ching moment of the strake wing (Fig. 9).
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FIG.9 EFFECTS OF SPANWISE BLOWING ON LIFT,

PITCHING MOMENT AND DRAG
{OPTIMUM NOZZLE POSITION, STRAKE ON)
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Generally, the 1ift increase and conse-
quzntly drag reduction due to spanwise
blowing on the strake wing is reduced,
compared. to the data for the basic wing
without strake. This can be traced back
to the higher level of nonlinearity al-
ready inherent to the strake configura-
tion without blowing. On the other side
the effect of linearizing the pitching
moment curves 1s more pronounced on the
strake wing (reduction of pitch-up ten-
dency of this configuration).

A comparison of the efficiency of span-
wise blowing on the clean basic and
strake wing is given in Fig. 10.
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FIG. 10 EFFECT OF JET LOCATIONS
ON BLOWING EFFICIENCY
{CLEAN CONFIGURATIONS )

Combined blowing was found to be the in-

ferior technique. As expected,stabiliza-

tion of the existing strake vortex system
proved to be more difficult and less ef-

fective.
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FIG. 11

SUMMARY OF LIFT PRODUCING
EFFECT OF SPANWISE BLOWING
ON BASIC AND STRAKE WING

In Fig. 11 a summary of the maximum 1lift
build~up due to spanwise blowing on the
basic and strake wing is presented.

The data for the strake wing are extra-
polated for Cu 2 (0.2 and are regarded too
optimistic.

iV. 1.3 High-Lift Confiqurations

Fig. 12 compares the blowing efficiency
on the basic and strake wing, high-1lift
flap system extended.

Blowing on the basic wing in high-1lift.
configuration gave the overall highest
efficiency found in the investigation.
Two examples for contemporary fighters,
which apply boundary layer control either
on the trailing edge or on the leading
edge flap, are shown additionally. Even if
the efficiency of both techniques is at
the same level for this criterion 4CL/c
one should keep in mind that BLC tech-
niques increase the flap effectivities
and thus reduce angle-of-attack for a gi-
ven lift coefficient, whilst the non-li-
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near additional 1ift due to spanwise
blowing is produced at increasing angles-
-of-attack (analogous to the effect of
the strake).
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FIG. 13 SPECIFIC AND COMBINED EFFECTS OF

SPANWISE BLOWING, STRAKE AND
HIGH LIFT FLAP SYSTEM

In Fig. 13 the specific and combined ef-
fects of spanwise blowing and/or strake
-and/or flap system are compared. Again
the criterion is the maximum 1ift incre-
ment. All increments are given relative

to the clean, unblown basic wing = refe-
rence wing. As can be easily seen, the
blown clean basic wing (¢;; = 0.1) gives

about the same 1lift as the unblown, clean
strake wing.

The superiority of the strake wing is
slightly reduced when applying high-1lift
flap systems and/or spanwise blowing, but
the strake wing remains to be the superi-
or design.

IV. 2. Effect of Spanwise Blowing at

Extreme Incidences Q < 90°

This second test phase was carried out in
the 8m ¢ tunnel S1, ONERA Modane,and is
part of a programme of cooperation be-
tween O.N.E.R.A. and MBB. The same model
and instrumentation was used, the wing
additionally equipped with tip accelero-
meters and strain gauges for wing root
torsional moments, to get some further
information about the configuration's
buffet behaviour.

Taking in account the aforementioned su-
periority of the strake wing at high an-
gles-of-attack, only this configuration
was tested applying spanwise blowing. An
additional justification for that is gi-
ven by the expected 97% regain of thrust
due to the 75° swept nozzles as compared
to the more lateral blowing nozzles for
the basic configuration.

‘A photo of the configuration selected is
given in Fig. 14, showing the sting moun-
ted pilot model in the wind tunnel S1 of
ONERA, Modane.
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PILOT MODEL IN TUNNEL Si,
ONERA, MODANE
(TEST SECTION 8m¢g)

FIG. 14

IV. 2.1 Aerodynamiec effects

The effect of spanwise blowing in the
angle-of-attack regime @ = 0 + 90° is de-
monstrated for lift, pitching moment and
drag data in Fig. 15.
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FIG. 15

Blowing is affecting lift and pitching
moment data up to ~ 70° incidence, where-
by the additional 1ift,induced by the
jet-vortex interaction,is positioned suc-
cesively forward until it breaks near

70° angle-of-attack.



Consequently trimming is alleviated by
increased momentum coefficients ¢, as
shown in Fig. 16 for the lift polar and
in Fig. 17 for the tail trim settings.
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FIG. 17  HORIZONTAL TAIL TRIM ANGLES
AS AFFECTED BY ANGLE OF ATTACK
AND SPANWISE BLOWING

At a.o.a. below the stall the increased
trimmed incidence for constant tail set-
ting is traced back on a slightly in-
creased downwash on the low positioned
horizontal tail. For poststall a.c.a. the
main effect is deduced from the wing-body
center of pressure movement forward,as
stated above. For a 5% static stability
margin the configuration is longitudinal-
ly trimmable by the fully rotating, all-
moving horizontal tail. Trim characte-
ristics are nearly linear (Fig. 17) for
the complete a.o.a. regime @ = 0 + 90°,

To get some insight into the buffet cha-
racteristics in the a.o.a. regime inves-
tigated,the wing was equipped with strain
gauges to determine RMS data of the wing
root bending and torsional moment.

Additionally two tip accelerometers were
positioned at 25% and 65% tip chord. The
results obtained with the different sen-
sors all give the same basic information

as presented in Fig. 18 for the recorded
wing root bending moment RMS data:
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FIG. 18 EFFECT OF SPANWISE BLOWING ON

BUFFET INTENSITY

(RMS-DATA OF WING ROOT BENDING
MOMENT OSCILLATION }

o at low incidence spanwise blowing
induces some additional slight dis-
turbances

o the angle of divergence is shifted
to higher values, thus an increase
of the buffet-onset 1ift (Cch=0 =
1.2 / CLg=0.1 = 1.68) of approxi-
mately 40% is found for Cu = 0.1.

o generally peak loads are found at
angles-of-attack slightly above
maximum 1ift

o despite of the higher static maxi-
mum 1lift of the blown wing,peak
‘buffet intensities are reduced by
spanwise blowing

o with further increase of incidence
buffet intensity varies approxima-
tely with the correspondent static
lift developed by the respective
configuration

o at 90° a.o.a. the RMS data tend to
end in the level of the basic low
angle-~of-attack data.

IV. 2.2 System integrated effects

Direct jet effects of the blowing system
were not measured in the previous inves-—
tigation. So the analysis was concentra-
ted on indirect, jet induced aerodynamic
responses,according to the applied method
of testing., To establish the true merits
of this blowing technique the total ra-
ting has to be considered,including en-
gine thrust and jet reaction effects.
This means,that we carefully have to
watch the consequences of integrating
this system into an aircraft. The follow-
ing chapter will concentrate on some ma-
jor factors involved when engine and
thrust effects are taken in account ad-
ditionally.
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ON WING LIFT

Recalling the experimentally found aero-
dynamic effects of spanwise blowing on
1ift production Fig. 19 gives an extract
of Fig. 15. The lift increments developed
by spanwise blowing are drawn out in the
a.0.a. regime Q 10 # 60° for momentum
coefficients cp 0/0.1/0.2.

#on

This 1lift incrementACLc is causing a
drag increment ACDCu for fixed angle-of=-
-attack. Plotting these two increments
CL¢,, versus ACDC}‘l gives the incremental
polars depicted in Fig. 20.
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Not taking in account the zero-lift drag
(negligible for @ > 10°) lines of con-
stant angle-of-attack are represented by
rays through the origin. This is derived
from the type of flow characterized by

leading edge separation, hence ACWcP =
K - CACP - tan Q. or
Acp

cotan QL .

2y =2
ATy cp = X
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FIG. 21 REQUIRED ENGINE THRUST
COEFFICIENT Cy FOR
BALANCED FLIGHT
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To balance the total drag for level
flight,a certain amount of engine thrust
cr is required (Fig. 21).

The thrust component produced by the
nozzles acting for spanwise blowing
(nozzle position at 10% root chord of
strake wing, jet axis swept back 75°) is
not included in this coefficient,as can
be seen at low angles-of-attack for dif-
ferent momentum coefficients. Then the
blowing jet thrust component starts to
take charge of providing the necessary
propulsion (c7p 0 tail nozzle thrust
coefficient). Hence we consider the blow-
ing jet to be produced by an auxiliary
power unit, thus avoiding the problem of
amplified tapping losses involved,when
one tries to take bleed air from the re-
latively delicate high pressure compres-
sor of the main engine (taking i.e. 5% of
mass flow would result in about 30%
thrust loss at the tail nogzzle for an ex-
amined contemporary power plant).

Engine + APU thrust are producing lift
components which are plotted in Fig. 22
as effecitve 1lift increments Leff ver—
sus angle-of-attack.

This summed up increment can be split in-
to parts, as shown in Fig. 22:

o the first contribution is given by
the tilted motor thrust for zero-
-blowing cases, denoted as
( CLTM)C 0

p:
o the second term is related to the

application of spanwise blowing
and comprises the direct 1ift com=-
ponent of the blowing nozzles ACLTB
plus a further increment of 1ift =
(ACLTM)CP produced by the motor



(= tail nozzle),to compensate for the ad-
ditional drag,produced by the induced
1ift increment at a fixed a.o.a. (see
incremental drag polar of Fig. 20).

30
ACL o

cum—]
0.2

0.1

28 /
IlAch-(Acu““ _a‘ac“a‘(q,u)ml / } .

” /i
pudp bl /%//
/Al

Blowing System direct ACH
p
0.% A

(;—‘Z

10 20 £ 40 50

eet ™ (4CLyy, ’w -

o

= "

60 0,9 70

LIFT-COMPONENTS DUE
TO0 THRUST
{ENGINE AND BLOWING JET)

FIG. 22

Now having established all the components
in terms of 1lift and drag for the inte~
gration of the blowing system, Fig. 23
summarizes the aerodynamic and thrust ef-
fects as total "effective 1ift" CLggys.
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FIG. 23 TOTAL EFFECTIVE LIFT
INCLUDING ENGINE AND
BLOWING JET EFFECTS

The build up is in analogy to Fig. 22,

thus deviding again in basic aerodynamic
effects and basic thrust effects (cy = 0)
and then adding direct and indirect com=-
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ponents due to spanwise blowing. It can
be seen easily that with increasing a.o.a.
engine thrust starts to play the dominant
role in producing the total effective
1ift vector.

Replacing aerodynamic 1lift by this effec-
tive total lift CLeff and using engine
thrust cp plus APU thrust cy instead of
drag,results in the "effective poglar",
presented in Fig. 24. The ratio CLeff/
(cp + ¢ is giving a measure of the ex-
pense of motorization paid for a certain
amount of lifting force (at high angles-
-of-attack) and is an equivalent to the
well known conventional 1lift/drag ratio.

Fig. 24 was used for the next two figu-
res to extract the increments due to
spanwise blowing and to establish the to-
tal efficiency of this technique.
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FIG. 25 NET EFFECTS OF

SPANWISE BLOWING

* REDUCTION OF REQUIRED
THRUST FOR CONSTANT
TOTAL LIFT (top)

o ADDITIONAL LIFT FOR
CONSTANT TOTAL THRUST
SETTING (bottom)

In Fig. 25 (top) the reduction of total
thrust coefficient is plotted, taking the

differences (CT+CP)CP - cTcp=O for const.



effective lift,whilst in Fig. 25 (bottom)
the increment in total effective 1lift
(CLeff)cp - (CLeff)C“=o was taken for
constant’ degrees of motorization (chcp).

The efficiency curves ACL/c,, of Fig. 26
were derived from Fig. 19 (aerodynamic
1lift increment) and from Figures 23 and
24 for the integrated system,now taking
the ratio at constant angles-of-attack
and comparing the factors 4CL/c, with the
effectivity of a hovering jet. %ntegra—
tion of the technique develops amplified
efficiency factors relative to the pure
aerodynamic improvements thus demonstra-
ting the qualification of this simple
technique especially for highly maneu=-
verable aircraft at low speeds.
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