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Abstract

Wind-tunnel investigations have been carried out
on a series of wing-body-combinations composed of a
fuselage and 9 different wings in high wing and Tow
wing positions. Six-component balance measurements
and flow visualizations have been performed up to
high angles of attack. The effects of wing planform
and of a body on the Cig-characteristics of the
various configurations have been studied in detail.
Unstable rolling moments are caused by unsymmetri-
cal vortex breakdown, by unsymmetrical formation of
deadwater regions and by different flow structures
on both sides of the wing. Configurations with a
high wing position are much more unstable than
those with a Tow wing position. By means of small
modifications of the body contour favourable inter-
ference effects could be created which led to
stable rolling moments in the whole angle of attack
range.

1. Introduction

For modern aerodynamic concepts 1ike hybrid
wings and delta-canard configurations high angle
of attack manceuvers are featured by the existence
of strong vortical flows which are governed by the
following phenomena:

In symmetrical flow already at small angles of
attack the fTow separates from the wing Teading-
edges and from the body. Concentrated vortices are
formed over the upper surface of the configuration
and interference of the body vortices with the
wing vortices is observed, depending on the actual
shape of the configuration. At high angles of
attack vortex breakdown occurs in the wing vorti-
ces. The breakdown position crosses the wing
trailing-edge at a certain angle of attack, de-
pending on the wing aspect ratio, and moves up-
stream with increasing angle of attack. The maximum
1ift coefficient is reached when the pressure
increase on the lower side is compensated by the
decrease of suction on the upper side of the con-
figuration; see e.g. D. Hummel [1]. For moderate
aspect ratio wings the corresponding flow on the
upper surface shows almost completely destroyed
vortices and in most parts of the configuration an
unsteady separated flow of deadwater type is
present.

In unsymmetrical flow the 1ift of the windward
half of the configuration is larger than that of

the Teeward half, which leads to stable rolling
moments (lateral stability cy, < 0). This is true
for attached flow, for separated flow with concen-
trated vortices without vortex breakdown as well as
for the flow at moderate angles of attack with
vortex breakdown over the windward side of the con-
figuration. At very high angles of attack, however,
especially in the neighbourhcod of the maximum Tift
coefficient and in the post-stall regime, lateral
stability is considerably reduced and even unstable
rolling moments may occur. This unfavourable
behaviour has been found for a large number of con-
figurations as for instance by D. Hummel,
G. Redeker [2], W. Kraus, H. John [3,4],
W. Staudacher, B. Laschka, Ph. Poisson-Quinton,
J.P. Ledy [5], C.W. Smith, C.A. Anderson [6],
J.E. lamar, J.M. Luckring [7], A.M. Skow,
A. Titiriga, W.A. Moore [8]. From these investiga-
tions unstable rolling moments at high angles of
attack seem to be a typical characteristic of
moderate aspect ratio wing-body-combinations. Thus,
for such configurations the maximum useable 1ift
is limited by lateral/directional problems which
keep them away from their full 1ift potential. Well
known criteria such as LCDP (Lateral Control Depar-
ture Parameter) and the c¢pg 4y -parameter are
helpful in defining the proglgR areas. The para-
meter
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depends on the ratio of the inertia moments 1,/I,
and for stable flight cngdyn > 0 s necessary.
For slender, highly swept configurations having a
high ratio of I,/Iy the derivative cjg becomes very
important and a divergence of this derivative at
high angles of attack leads to serious problems.

In the last years this divergence problem has
been analysed experimentally within a close coop-
eration between the Institut fiir Stromungsmechanik
at Technische Universitdt Braunschweig and
Messerschmitt-BoTlkow-Blohm GmbH in Ottobrunn. In
this program a typical wing-body-combination has
been chosen in order to analyse the lateral insta-
bility and to understand the physics of the flow
which leads to this phenomenon. Starting from a
basic configuration the wing planform has been
varied systematically in order to investigate the
planform effects on lateral stability. Recently it
has been shown that lateral stability may be in-
fluenced by modifications of the leading-edges of
the wing: D. Welte, S. Ehekircher [9] investigated
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some unusual control surfaces, W. Kraus [10}
modified the leading-edge shape by means of nose
flaps and W. Staudacher [11] has demonstrated that
double-hinged leading-edge flaps completely elimi-
nated the cyg-problem found on a cropped delta

wing configuration. Although some investigations of
this kind have been performed within the present
experimental program, wing modifications other than

planform variations are not included in this report.

On the other hand some minor modifications of the
shape of the fuselage led to considerable improve-
ments in lateral stability. These results are in-
cluded in the subsequent report on the program.

2. Notations (see Figs. 1 and 15)

A= bz/S Aspect ratio

D=2R Body diameter

L = LF+LC+LR Body total length

Le Length of cylindrical part

LF Length of front part Ogogse

LR Length of rear part

R Body maximum radius

Re = Uy,-L/v Reynolds Number

S Wing area (LE and TE within the
body extended to the axis y=0)

Ueo Free stream velocity

b Span

c(y) Local chord

cp = ¢(R) Root chord of wing-body-combination

. = c(0) Root chord of wing alone

Cy = c(s) Tip cherd

¢, = %Lé7sc2(y)dy Reference chord

CLs Cps Cy Cgefficients for 1ift, drag and
side-force, based on S

Cn> €15 Sy Coefficients for pitching moment

(based on S and c ), rolling
moment and yawing moment (based on
S and s) about body-fixed axes
through NZS*,signs according to
Fig. 1

8c
), | __1>
B \3g/8=0

ng 8 g/ g=0

€ Distance between body apex and wing
geometric neutral point N25

Lateral stability

Directional stability

h Height of body fence
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1 Length of body fence
s Half span
t Wing thickness
Xs¥»Z Wing-fixed coordinates, origin at
wing apex
XNZS Distance of wing geometric neutral
point N 5 from the rear end of the
wing at™" y=0 (e+Xy,p = Lp+Lle)
Zy 25 Distance of wing geometric neutral
point Nyg (at t/2) from the body
axis (>0 for high wing, <0 for
low wing)
A Angle of sweep
o Angle of attack (in plane y=0)
8 Angle of sideslip
A= ct/cr Taper ratio
¢ Fence position (Fig. 15)
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Subscripts

LE Leading-edge
TE Trailing-edge
A,B,C Quantities belonging either to the

kinks A,B and the wing tip C or to
the sections of the wing up to these
points

3. Program and experimental set-up

3.1 Program

3.1.1 Approach

The investigations have been carried out on a
series of wings and wing-body-combinations.
Starting point was a typical configuration which
showed the cig-divergence quite clearly. The first
aim was to understand the physics of this phenome-
non for the basic configuration.

It is well known that the cjg-derivative is very
sensitive to small changes of lﬁe shape of the con-
figuration. Therefore in a second step some geo-
metric parameters of the configuration have been
varied systematically in order to find the basic
effects of wing planform shape as well as the body
effect. For this purpose the following variations
of the geometry have been applied for

(1) Wing planform effects (b=const.)
- Leading-edge sweep for inboard and
- Trailing-edge sweep || outboard wing
- Position of the kinks in leading-edge
and trailing-edge
- Positive and negative strakes

(i1) Body effect
- Wing alone (without body)
- Wing height (Tow wing, high wing).

The overview on the effects of these variations on
the cig-derivatives should enable the designer to
chose the most favourable configuration.

Furthermore the corresponding understanding of
the physics could be used to influence the flow in
such a way that even no c1g-divergence takes place.
Therefore it was the third aim of this program to
apply "trigger" effects to achieve stable Clg-
derivatives in the whole angle of attack range. For
this purpose tests have been carried out on the
effects of

(i1i) Trigger devices
- Vortex generators
- Body chines (ledges, fences).

The latter turned out to be very effective and
results of these investigations will be described
subsequently.

3.1.2 Design

From the configurational side some constraints
were superimposed for the design of the configura-
tions. These constraints are:

(i) A single fuselage of diameter D should be
applied for all wing-body-combinations and
the ratio D/b should be kept constant. This
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means that wings of constant span b have
been designed, which leads to similar
structures and drag characteristics for all
wings.

The variations in root chord length c
should be as small as possible in order to
avoid extensive modifications of the struc-
ture.

(31)

Fig. 2 shows an overview of the model matrix de-
rived so far and indicates the main parameters
which have been varied. Starting point is the basic
configuration (1), which has been tested as wing
atone (01) and as wing-body-combination with Tow
wing (L1) and high wing (H1) Tocation.

The configurations (2), (3) and (7) show minor
changes of the leading-edge contours near the wing-
body intersection in the form of a straight
negative, a straight positive and a curved negative
strake. For the configurations (8) and (9) the
shape of the leading-edge has been kept constant
and the trailing-edge has been modified by a so-
called "Kiichemann"-fairing (8) and by a kinked
trailing-edge (9). It may be noted that comparing
the configurations (3) and (8) as well as (2), (7)
and (9) the aspect ratio A is roughly constant.
Within the given constraints higher aspect ratios
could only be derived by tailoring the leading-
edge and/or trailing-edge contours. For configura-
tion (4) the Teading-edge sweeps are the same as
for the basic configuration (1), but the leading-
edge kink is shifted more inboard and the trailing-
edge is also broken at the same spanwise distance.
For the configurations (8) and (6) the kink in
leading-edge and trailing-edge is shifted even more
inboard; the trailing-edge shape is kept constant
and the leading-edge is chosen similar to well-
known strake-wing configurations.

3.2 Models

The geometric data of the wings are collected in
Tab. 1. The corresponding notations may be taken
from Fig. 1. For wing (7) the root chord cp of the
wing-body-combination is shortened by 8% as com-
pared to the basic configuration and the 1e8ding-
edge starts there at a sweep angle Ap = 257, The
curved negative strake is designed as a fourth
order polynomial, which meets the straight leading-
edge of the basic wing (1) at yp/s = 0.25+0.750/b
continuously with respect to sTope and curvature.
The wing (8) is equipped by a so-called "Kiiche-
mann"~fairing at the trailing-edge. For this pur-
pose the inner part of the basic wing is extended
by axp/s = 0.21 (see Fig. 1) and the trailing-
edge kink is located at yn/s = 0.24. A1l wings
have the same span (b = 500mm }. They are manufac-
tured as thin flat plates with rounded edges, but_
due to the very small thickness of t/b = 0.167-10
these wings may be regarded as sharp-edged.

The fuselage consists of a cylindrical portion
of length Ly = 5.25D and attached are front and
rear parts o? length Lp = Lg = 2D . Their shapes
have been designed as a polynomial of second order
plus a square root term and as a fourth order
polynomial, which meet the cylindrical part con-
tinuously with respect to slope and curvature. The
body diameter is D = 80mm.

The combination of the fuselage with the wings
leads to the configurations shown in Fig. 2. Their
geometric data are summarized in Tab. 2. The wings
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Fig. 2: Model matrix of the wing-body-combinations

ing, H High wing, 0 Wing alone
¢ Planform modifications compared to the basic wing (1)

Wing 1 2 3 4 5 6 7 8 9
Aspect ratio A = b2/ 2.29 | 2.47 | 2.14 | 2.56 | 2.63 | 2.64 | 2.40 | 2.15 | 2.45
Taper ratio = Te/cp 0.121 | 0.160 | 0.098 | 0.146 | 0.105 | 0.121 | 0.148 | 0.107 | 0.121
Leading-edge Mg a - 15° | 70° - - 57° |curved| - -
sweep 2 5

NEg 570 | 57 57° | 57° | 70° | 85° | 57° | 57° | 57°

ME ¢ 45° | 45° | 459 | 45° |37.50)37.5°| 45° | 450 | 45°
Trailing-edge e a - - - - - 1226 | -g° - -
sweep 2 o o 5

[ -6° | -6 | -6° |-26° | -26° ° | -6 -6° | -18

Me ¢ -6% | 6% | -6° |+13° 0° 0° | -6° | -6° [+13°
Positions yp/s - |o0.320|0.320] - - |o0.380 [(0.28)| - -
of kinks

yg/s 0.667 | 0.667 | 0.667 | 0.500 | 0.380 | 0.400 |0.667 |0.667 | 0.667
Position of Npg  X's /b 0.424 | 0.408 | 0.481 | 0.439 | 0.453 | 0.441 | 0.397 |0.423 | 0.441
Reference chord ¢, /b 0.540 | 0.480 | 0.616 | 0.500 | 0.515 | 0.508 |0.505 |0.606 | 0.533
Root chord c,/b 0.833 |0.629 | 1.026 | 0.819 | 0.953 | 0.830 {0.681 |0.940 | 0.833
Thickness (t/b) - 10 | 0.167 |0.167 | 0.167 | 0.167 | 0.167 | 0.167 | 0.167 | 0.167 | 0.167

Tab. 1l: Geometric data of the wings
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Combination L1/H1 | L2/H2 | L3/H3| L4 L5 L6 L7 L8 L9

Relative fuselage width, D/b 0.16 | 0.16 | 0.16 | 0.16 | 0.16 | 0.16| 0.16 | 0.16.| 0.16

Rear position of Nog, e/L 0.497 | 0.508 | 0.459 | 0.487 { 0.477 | 0.486 | 0.516 | 0.516 | 0.486
| Relative wing height, IN25/D | £0,481(20.481)+0,481|-0,481}-0,481|-0,481|-0,481|-0,481|-0,481

Tab. 2:

are added to the fuselage in such a way that the
rear end of the wing coincides with the rear end of
the cylindrical part of the fuselage. Only in the
case of wing (8) the "Kiichemann"-fairing is located
in the rear part of the fuselage. The height of the
wings is adjusted in such a way that for a high
wing the upper surface of the wing is tangential to
the cylindrical contour of the fuselage. The
Junction between wing and fuselage is filled up to
form a 90°-corner along the whole root chord ¢ and
upstream and downstream a proper contour is
modelled by plasticin.

3.3 Description of the tests

The experimental investigations have been per-
formed in the 1.3 m wind-tunnel of the Institut fir
Stromungsmechanik of Technische Universitidt Braun-
schweig. The free-stream velocity was Uy = 40m/s,
which corresponds to a Reynoldsnumber, based on
body Tength, of Re = 2 106,

Six-component measurements have been carried out

for
-6°S o £ +40° and for -5°% g £ +15°,

In addition the flow on the upper surface of the
configurations has been studied by means of oilflow
patterns. For this purpose the black model surface
was painted by a mixture of aluminiumoxide-powder
and petroleum and benzine (ratio of components: 1g
aluminiumoxide : 3cmd petroleum : 1cm benzine) and
exposed to the flow for about half a minute.

For some configurations additional flow visual-
izations have been carried out in the 33 x 25cm
water-tunnel of the Institut flur Stromungsmechanik
at Technische Universitdt Braunschweig. In these
investigations the flow has been made visible by
means of dye injection into the vortices. The free-
stream velocity was Us = 12cm/s and the cgr-
responding Reynoldsnumber was Re = 1.8 107%.

4. Results

From the various aerodynamic data for each con-
figuration the diagrams ¢| (a) and cjg (a) are
shown subsequently. The diagram ¢y (a) dindicates
the flow situation in symmetrical flow (8 = 0) and
the diagram cyg (a) is the main result of the
present investigations which describes the be-
haviour of the configurations for deviations
{8 +0) from the symmetrical flow situation.

4.1 Planform effects for the basic wing

The aerodynamic characteristics of the basic
wing (1) without fuselage (Configuration 01) are
shown in Fig. 3.

Geometric data of the wing-body-combinations

For o < 100 a slightly nonlinear 1ift curve
turns out which is due to the formation of con-
centrated vortices over the upper surface of the
wing. In unsymmetrical flow (g # 0) the angles of
sweep are reduced on the windward side of the con-
figuration. Correspondingly the vortex on the wind-
ward side is strengthened and that on the Teeward
side is weakened. As in attached flow this effect
leads for o < 10° to higher 1ift on the windward
side as compared to the leeward side and therefore
stable (negative) rolling moments are observed.

In symmetrical flow (8 = 0) vortex breakdown
crosses the trailing-edge of the wing at o ~ 10
and for Targer angles of attack the 1ift curve
slope is reduced as indicated in Fig. 3. In un-
symmetrical flow vortex breakdown moves upstream
in the vortex on the windward side and downstream
in the vortex on the leeward side. The asymmetry
in vortex breakdown leads to additional destabi-
1izing (positive) rolling moments as marked in
Fig. 3. The symmetrical flow situation in the
region of ¢ nax may be taken from Fig. 4a. In
both vortices vortex breakdown occurs close to the
wing apex. Only a small portion of the vortices
shows an ordinary development and the flow over the
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Fig. 3: Aerodynamic characteristics of configura-

tion 01 (Basic wing (1) without fuselage)
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0
a)g =0
Fig. 4: Flow visualization on configuration 01 at o = 26.9°

main part of the upper surface is governed by of wing height) as compared to the leeward side,
vortex breakdown. In the corresponding unsymmetri- and therefore both stabilizing effects add. In the
cal flow situation an ordinary vortex formation angle of attack range 100 < o < 30° vortex break-
suddenly disappears on the windward side of the down takes place over the wing and reduces the 1ift
wing. According to Fig. 4b the separated flow on curve slope in symmetrical flow. Due to the

the windward side is then of deadwater type and addition of the effects of wing planform and wing
reversed flow is clearly indicated there. On the height in sideslip conditions the asymmetry of
leeward side of the wing, however the separated vortex breakdown is larger than for the wing alone
flow is still of vortex type with vortex breakdown. and the corresponding destabilizing contributions
From these flow phenomena further additional de- to the rolling moment are more distinctly marked.

stabilizing contributions to the rolling moment
arise and this leads to the highest lateral in-
stability at o = 29.6°.

For even higher angles of attack (o > 300) the 1.2
reduction of 1ift in symmetrical flow is accom-
panied by the disappearance of any vortex formation c
on both sides of the wing. The separated flow is L grA%;j;;:g::tzhzlﬂ
now of deadwater type everywhere and this situation W
does not change for unsymmetrical flow (8 # 0). 0.8
This means that the destabilising contributions to A
the rolling moment, resulting from the upper sur-
face of the configuration, are considerably reduced. o Hi
On the other hand the lower surface pressure dis- 04 I
tribution, which becomes more and more important, i
leads to stabilizing contributions. Therefore
lateral stability is recovered for very high angles
of attack.

4.2 Effects of wing height 08

The aerodynamic characteristics of the combina- |
tions of the fuselage with the basic wing (1) in 3
Tow and high position (Configurations L1 and HI) 0.4

are shown in Fig. 5. _{/
For the high wing configuration H1 the results

for symmetrica ow are similar to that for the

wing alone up to o = 30°. In unsymmetrical flow [~

for low angles of attack (o < 10%) the typical 0 <¢“ R —V 4! | A
effects of a high wing position on the Tateral = *—:jh___(,_.zc

stability turn out as well known from attached

flow : Due to the crossflow around the fuselage

unsymmetrical distributions of local angle of _04
attack and of local 1ift as functions of wing span i ° o ° °
occur, which lead to additional stabilizing gon? < i o Ho% 2% - &
tributions to the rolling moment. On the windward

side of the high wing configuration, for instance, Fig. 5: Aerodynamic characteristics of configura-
the effective sweep is reduced (planform effect) tions L1 and H1 (Wing (1), L Tow wing,
and the local angle of attack is increased (effect H high wing). Effect of wing height.
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a) g = 0°

Fig. 6: Flow visualization on configuration L1 at

For a > 21,59 the configuration Hl is unstable.
For very high angles of attack (o > 300) flow
visualizations in the water-tunnel have shown that
there exists a strong effect of the body vortices
on the wing flow : The vortices shed from the
fuselage are strong enough to influence the flow
over the wing. The body vortices join the wing
vortices and this leads to a delay in the upstream
movement of vortex breakdown over the wing. At very
high angles of attack the body vortices are still
present and the vortex breakdown point remains
fixed to the wing apex. This means in other words
that the body vortices enter the deadwater-type
flow over the wing and cause some stimulating flow
structure there. In symmetrical flow this effect
leads to a weaker reduction of 1ift than for the
wing (1) alone according to Fig. 3. In unsymmetri-
cal flow the whole vortex system is easyly shifted
to the leeward side in the case of a high wing con-
figuration. This means that the stimulating effect
of the body vortices on the structure of the wing
flow mainly concentrates on the Teeward side. This
leads to large destabilizing contributions to the
rolling moment and the high wing configuration
remains unstable even for very high angles of
attack.

The low wing configuration L1 shows a completely
different behaviour: At Tow angles of attack
(x < 109) the low wing position leads to destabi-
1izing contributions to the rolling moment. On the
windward side of the Tow wing configuration the
effective sweep is reduced (planform effect) but
the Tocal angle of attack is decreased (effect of
wing height) as compared to the Teeward side. Both
effects act in opposite direction and therefore the
low wing configuration is not so stable as the high
wing configuration. For « > 10° vortex breakdown
occurs over the wing and reduces the Tift curve
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b) g = 5°
a = 24.4°

slope in symmetrical flow. Due to the counter-
acting effects of planform and wing height, in
sideslip conditions the asymmetry of vortex break-
down is weaker than for the high wing configuration
and this Teads only to a slight destabilizing con-
tribution to the rolling moment. At o = 23,50 a
sudden drop of 1ift is observed in symmetrical
flow. At this angle of attack the vortex breakdown
point reaches the apex of the wing. An ordinary
vortex formation does no Tonger take place and a
deadwater-type separated flow occurs over the wing.
In unsymmetrical flow large destabilizing rolling
moments are observed and the configuration L1
becomes unstable. The explanation for this
behaviour may be taken from Fig. 6. At o = 24.4°
in symmetrical flow (g8 = 0) the separated flow of
deadwater type on the wing is clearly indicated. In
unsymmetrical flow (B = 50) on the windward side
the flow structure is still of deadwater type, but
on the leeward side the flow returns to the
original state of an ordinary vortex formation near
the wing apex and with vortex breakdown somewhere
downstream. The occurrence of two different flow
structures on both sides of the configuration is
due to the fact that for a Tow wing configuration
the fuselage separates both parts of the wing. The
sudden change of the flow state on the leeward

side of the wing may be governed by the following
effects: Due to the low position of the wing in
sideslip condition the angle of attack is increased
on the leeward side which tends to vortex breakdown
and to the formation of a deadwater-type separated
flow. On the other hand the angle of sweep of the
leading-edge is increased on the leeward side,
which tends in the direction of ordinary vortex
formation. This planform effect should have been
predominant in the present case but it might be
that also a stimulating effect from the body vortex



on the leeward side of the configuration has been
present. The strong asymmetry of the flow on both
sides of the wing leads to higher suction on the
leeward side which is the reason for the large in-
stability of configuration L1 at o = 24.40. At
even larger angles of attack a certain increase of
the 1ift coefficient is observed in symmetrical
flow. The structure of the wing flow is still of
deadwater type but the strength of the body
vortices increases now more and more and this leads
to additional nonlinear 1ift. In unsymmetrical flow
the unstable rolling moments are considerably
reduced. This is due to the fact that with in-
creasing angle of attack the tendency towards dead-
water-type separation on the leeward side increases
and at very high angles of attack the planform
effect is no longer able to force the flow on the
leeward side to return to the original state.
Therefore the instability disappears and for very
large angles of attack configuration L1 is stable
again.

The difference in the results for the low wing
and the high wing configuration may be summarized
as follows: The high wing configuration becomes un-
stable at a certain angle of attack and it remains
unstable up to the very high angles of attack. The
Tow wing configuration is unstable in a certain
range of angles of attack. This instability is
caused by a combination of planform effects and
effects of wing height and proper planform modifi-
cations might lTead to less unstable or even to
stable Tow wing configurations. Therefore the sub-
sequent investigations were mainly concentrated on
Tow wing configurations.

4.3 Effects of strakes

4,.3.1 High wing configurations

Some planform modifications by means of a nega-
tive strake, wing (2), and a positive strake,
wing (3), have also been investigated for high wing
positions. The results for the configurations H1,
H2 and H3 are plotted in Fig. 7.

The configurations HZ and H3 with strakes show
in principle the same behaviour as the clean con-
figuration H1. At Tow angles of attack the high
wing configurations are pretty stable. With in-
creasing angles of attack unsymmetrical vortex
breakdown reduces the lateral stability and all
configurations become finally unstable at a certain
angle of attack.

The negative strake (Configuration H2) causes
flow separations of deadwater type which are accom-
panied on both sides by ordinary vortex formation
at the swept part of the leading-edge. At a rela-
tively low angle of attack this configuration
reaches its maximum 1ift coefficient. For even
higher angles of attack in symmetrical flow the
separated flow over the wing shows a deadwater
region which is influenced by the body vortices. In
unsymmetrical flow the deadwater structure is main-
tained on the windward side whereas on the leeward
side the deadwater region disappears and the sepa-
rated flow returnes to the former state with a con-
centrated vortex near the apex and vortex breakdown
‘somewhere downstream. Both flow states are clearly
indicated in Fig. 8a and it is quite obvious that
the configuration is unstable due to different
types of flow separation on the windward and the
Teeward side.
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Fig. 7: Aerodynamic characteristics of configura-

tions H1, H2 and H3 (Wings (1), (2), (3)
in high wing position). Effects of
different strake shapes.

The positive strake (Configuration H3) prevents
the occurrence of deadwater regions. Up to very
high angles of attack the body vortices and the
strake vortex are unified and the flow is governed
by vortex breakdown which does not reach the apex
of the strake. In unsymmetrical flow the instabi-
Tity 1s caused by unsymmetrical vortex breakdown,
which may be taken from the flow visualization
according to Fig. 8b.

4.3.2 Low wing configuration with negative

strakes

The aerodynamic characteristics of the combina-
tion of the fuselage with the basic wing (1) (Con-
figuration L1) and with two negative strake wings
(2) and (7) in Jow position (Configuration L2 and
L7) are shown in Fig. 9.

In symmetrical flow the typical behaviour of low
wing configurations turns out. The effect of a
negative strake is distinctly marked by a certain
shift of the 1ift drop towards smaller angles of
attack. Due to the reduction of the leading-edge
sweep close to the fuselage the final upstream
movement of the vortex breakdown point is increased
and the deadwater type of flow separation occurs
already at smaller angles of attack.

In unsymmetrical flow all configurations show
the instability in a certain angle of attack range.
For configuration L1 it is due to different types
of flow separations on the windward and on the lee-



a) Configuration H2

b) Configuration H3

Fig. 8: Flow visualization on configurations H2,
H3 and L2 at o = 27.5° and g = 59.
Different types of flow causing lateral
instability.
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c) Configuration L2
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Aerodynamic characteristics of configura-

Fig. 9:

tions L1, L2 and L7 (Wings (1), (2), (7)
in low position). Effect of different ne-
gative strakes.



ward side of the wing. This type of instability is 12
also observed for configuration L7. The smooth

shape of the negative strake promotes the return to c

the former type of separation on the leeward side L M%
of the wing and in the case of configuration L7 the «f

asymmetry is extremely large at o = 220. The 0.8

straight negative strake of configuration L2 main-
tains the tendency towards deadwater-type flow
separation also for the lTeeward side of the wing in
unsymmetrical flow. This means that the instability

of this configuration is due to different formation 0.4
of deadwater regions on both sides of the wing o L1
which can be taken from Fig. 8c. In this case the
amount of instability is rather small, but the con- AL3
figuration remains unstable up to very large angles C
of attack.
08
4.3.3. Low wing configuration with positive c
{
strake &
04

The aerodynamic characteristics of the combina-
tion of the fuselage with the basic wing (1) (Con-
figuration L1) and with the strake wing (3) in low
position (Configuration L3) are plotted in Fig. 10.

In symmetrical flow the effect of the strake is o —d ~0—0
a certain shift of the 1ift drop towards higher
angles of attack for configuration L3 as compared
to configuration L1. This is due to the strake
vortex which forms the initial part of the leading- O
edge vortex and which causes a delay in the up- 0° 10° 20° 30° o 40°
stream movement of the vortex breakdown point.
Fig. 11 indicates that on configuration L3 at
a = 26.99 an ordinary vortex formation is still Fig. 10: Aerodynamic characteristics of configura-
present at the strake accompanied by vortex break- tions L1 and L3 (Wings (1), (3) in Tow

position). Effect of a positive strake.

a) a = 26.9%, g = 0° b) « = 26.9%, g = 5°
Fig. 11: Flow visualization on configuration L3 at o = 26.9% and o = 34.4°
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down somewhere downstream. At o ~ 30° an ordinary

vortex formation at the leading-edge disappears and

for o > 300 a deadwater-type separated flow is 12
present on the wing as shown in Fig. 11.

In sideslip conditions unsymmetrical vortex CL

breakdown leads to destabilizing contributions to 5;;§i;¥%¥§
the rolling moment. In the point of largest insta- 0.8 4445

bility at o = 26.99 according to Fig. 11 this flow :

situation is present. Compared to configuration L1

the strake has changed the flow character which

causes instability and correspondingly the amount 4
of instability has been reduced considerably. 0.4

According to Fig. 11 for o > 309 a deadwater-type o L
separated flow is present on the windward and on A LS
the leeward side of the wing. In this angle of

attack range the destabilizing contribution from oL6
the upper surface pressure distribution to the O
rolling moment is reduced, but the stabilizing con- 0.4
tribution from the Tower surface becomes more and

more important. Finally for very large angles of c
attack the configuration L3 is pretty stable. e

4.4 Effects of combined LE and TE modifications ¥ 5 §

The aerodynamic characteristics of the combina-
tion of the fuselage with the wings (4), (5) and
(6) in Tow position (Configurations L4, L5 and L6) =A x
are shown in Fig. 12. According to Fig. 2 in this 0° 100 20° 30° O 40°
series the kink in the leading- and trailing-edge
has been shifted more and more inboard and the
angle of sweep of leading- and trailing-edge has Fig. 12: Aerodynamic characteristics of configura-
also been changed in some parts. The present re- tions L4, L5 and L6 (Wings (4), (5), (6)
sults have to be compared to those for the configu- in Tow position). Effect of different LE
ration L1 according to Fig. 5. and TE modifications.

¢) o =34.4°% 8 =0°

Fig. 11: (continued).
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Fig. 13:

In symmetrical flow the configuration L4 behaves
similar to configuration L1 since the leading-edge
is only slightly modified. On both sides of the
wing a single vortex is formed which follows the
leading-edge at the kink. In unsymmetrical flow the
instability is still present but its amount is con-
siderably reduced as compared to configuration L1.
Flow visualizations have shown that the instability
for 230 < a < 29° 4s due to unsymmetrical dead-
water formation on both sides of the wing. This
means that the modifications of the wing planform
prevented the occurrence of different flow types on
the windward and on the Teeward side of the wing
which Ted to the high instability of configuration
L1

For the two other configurations L5 and L6 the
1ift drop in symmetrical flow is shifted towards
higher angles of attack. For both configurations
the inner part of the wing acts Tike a strake. At
lTow angles of attack the corresponding strake vor-
tex is separate from the vortex shed from the outer
portion of the wing. At higher angles of attack
both vortices on each side of the wing merge. This
behaviour is similar to that of double delta wings
which have been investigated comprehensively by
U. Brennenstuhl, D. Hummel [12], [13], [14]. In the
joined vortices the upstream movement of vortex
breakdown is delayed and therefore the appearance
of a deadwater-type flow separation is shifted to-
wards higher angles of attack. In unsymmetrical
flow for the configurations L5 and L6 some unstable
rolling moments turn out which are again due to un-
symmetrical deadwater formation. As a typical
example for this flow situation Fig. 13 shows the
flow visualization for configuration [5 at

Flow visualization on configuration L5 at

0

b) 8 = 5

a = 29.6°

1.2
“L Ry 01
0.8 ‘yﬁ
o4 i
O L.8
ALY
(Jf
0.8
Cl[} f\
0.4 X
o S “A\e\g
-0.4
0e 10° 20° 30° O 40°

Fig. 14: Aerodynamic characteristics of configura-
tions L8 and L9 (Wings (8), (9) in low
position). Effect of TE shape.
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o = 29,60..The amount of instability is for both
configurations L5 and L6 relatively small and at
very high angles of attack lateral stability is re-
established due to the decreasing influence from
the upper surface and the increasing effect from
the Tower surface of the wing.

4.5 Effects of TE modifications

The aerodynamic characteristics of the combina-
tion of the fuselage with the wings (8) and (9) in
Tow position (Configurations L8 and LS) are shown
in Fig. 14 for the sake of completeness. The re-
sults for both configurations are practically
identical and they differ only slightly from those
for the configurations L4 and L1 according to
Figs. 12 and 5. The leading-edge shape is responsi-
ble for the vortex formation and this shape has
been kept constant for the configurations L1, L8
and L9. Modifications of the trailing-edge shape do
not alter the results significantly.

4.6 Trigger effects

During the experimental program some trigger de-
vices have been used to influence the flow in such
a way that lateral stability is achieved for the
whole angle of attack range.

eI

4@)

— ) 2 PR jm—

-

Fig. 15: Body fences on configuration L3F (Wing (3)
in low position, fuselage with fences)

One type of trigger devices were vortex genera-
tors in the form of small triangular winglets
placed perpendicular to the wing surface at the
leading-edge of both sides of the wing. Devices of
this kind have been successfully applied for other
configurations by D. Welte, S. Ehekircher [9]. For
the present configuration L1 some improvements were
possible by the application of these devices, but
lateral stability within the whole angle of attack
range was not obtainable.

Another type of trigger devices were small

. chines 1in the form of ledges or fences placed

parallel to the body axis on both sides of the
fuselage. These body fences were originally aimed
to fix the separation of the body vortices. Later
it turned out that such fences might have favoura-
ble effects .on the lateral stability, and then some
explorative variations of the arrangement of the
fences have been tested.

One of these few configurations is shown in
Fig. 15. The wing-body combination with the posi-
tive strake wing in Tow position (Configuration L3)
has been modified by body fences (Configuration
L3F). These fences were manufactured from a thin
aluminium sheet. The relative height was
h/R = 0.125 and the relative length was 1/L = 0.27
~ cp/2. These fences were fixed to the fuselage
at ¢ = 800 and the front end of the fence was
Tocated at the tip of the root chord cy of the wing-
body-combination.

The aerodynamic characteristics of this wing-
body-combination (Configuration L3F) are shown in
Fig. 16 and compared to the results of the confi-

I
?

04 v

oL3
A L3F

N

0° 10° 20° 30° O 40°

-0.4

Fig. 16: Aerodynamic characteristics of configura-
tions L3 and L3F (Wing (3) in low position,
body without and with fences). Trigger
effect of body fences.
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b) « = 26.9%, 8= 2.5°

c) a=34.4% g=0° d) a=234.4% g=2.5

Fig. 17: Flow visualization on configuration L3F at o = 26.9° and o = 34.4°.

760



guration L3 without body fences. In symmetrical
flow the fences lead to a distinctly higher maximum
1ift coefficient and for angles of attack

a > ac| pax @ slight decrease of the 1ift coeffi-
cient is observed. For very high angles of attack
(359 < a < 400) the 1ift coefficient remains con-
stant and no second maximum is observed for the
Tift coefficient.

Results of the flow visualization on configura-
tion L3F are given in Fig. 17. They have to be com-
pared to Fig. 11 which shows the results of flow
visualizations on configuration L3 for the same
angles of attack.

At o = 26.99 in symmetrical flow vortex break-
down occurs over the wing and the vortex breakdown
point is located somewhere over the strake. A com-
parison between Fig. 17 and Fig. 11 for symmetrical
flow at o = 26.99 shows the same type of flow
over the wing without and with body fence. From the
slope of the secondary separation 1ine on the
strake one might deduce a slight difference in
vortex breakdown position: The fence shifts the
breakdown point a Tittle bit downstream, but this
feature is not distinctly marked, although it would
explain the higher 1ift coefficients for the confi-
guration L3F with fences. The main effect of the
body fences in symmetrical flow can be observed for
o = 26.99 on the fuselage: Without the fences
(Fig. 11) the body vortices 1ie over the fuselage.
They move slightly outboard and over the rear part
of the wing some interference with the wing flow
takes place. With the fences (Fig. 17) the body
vortices lie closer to the fuselage. Already in the
rear part of the fences they move outboard under
the influence of the wing vortex, and merge with
the wing flow. This indicates a stronger interfe-
rence of the body vortices with the wing flow in
symmetrical free stream conditions. This inter-
ference causes a delay in the vortex breakdown up-
stream movement which leads to slightly higher 1ift
coefficients.

At very high angles of attack vortex breakdown
reaches the apex of the strake. An ordinary vortex
formation does no Tonger take place and a dead-
water-type flow separation is observed over the
wing. Without the body fences (Configuration L3)
at these angles of attack the body vortices are for
the first time influenced by the wing flow. Accord-
ing to Fig. 17 the body vortices merge with the
deadwater region of the wing. They increase the
suction level there which leads to the augmentation
of 1ift which can be seen from Fig. 16. For the
wing-body-combination with the body fences (Confi-
guration L3F) the interference of the body vortices
with the wing flow has been established by the
fences even at Tower angles of attack and in the
high angles of attack range no new effect is ob-
served. Fig. 17 shows the interference of the body
vortices with the wing flow which starts already in
the rear part of the fence. The establishment of a
deadwater-type flow separation leads to a slight
reduction of 1ift according to Fig. 16, but since
no new effect occurs no further increase of 1ift
can be observed. This means in other words that the
body fences favour the interference between body
vortices and wing flow even at low angles of attack
and thus the 1ift increase, which is observed for
the configuration L3 without the body fences at
very high angles of attack, is shifted towards
lower angles of attack for the configuration L3F
with fences.

The most interesting results turn out for un-
symmetrical flow. Fig. 16 shows that the configura-
tion L3F with body fences is stable in the whole
angle of attack range. To explain this behaviour
results of flow visualization for the wing-body-
combination with body fences (Configuration L3F)
are given in Fig. 17 for o = 26.90 and o = 34.40,
For these angles of attack the largest differences
exist between the cjg-derivatives of the configu-
rations L3 and L3F. The corresponding flow visuali~
zations for the wing-body-combination without body
fences {Configuration L3) may be taken from Fig. 11.

The instability of configuration L3 is caused by
unsymmetrical vortex breakdown. Fig. 11 shows for
o = 26,9% and 8 = 2,59 that on the windward side
there exists practically no effect of the body
vortex on the wing flow, but on the Teeward side
the effect of the body vortex is distinctly marked
and this leads to the unstable rolling moments. For
the wing-body-combination with the body fences

" (Configuration L3F) Fig. 17 indicates that an in-
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terference of the body vortices with the wing flow
takes place on both sides of the configuration. On
the leeward side the unfavourable situation is the
same as for the configuration L3 without the body
fences, but on the windward side the body fences
cause a favourable interference effect. Thus the
asymmetry of the flow is reduced and the configu-
ration is stable.

At very high angles of attack the configuration
L3F with the body fences remains stable but the
amount of stability is considerably reduced as com-
pared to configuration L3 without the body fences.
For both configurations a deadwater-type flow
separation is present over the wing and in un-
symmetrical flow the deadwater structure is differ-
ent on both sides of the wing. The body fences in-
fluence the structure of the deadwater flow. A com=
parison of Figs. 11 and 17 for o = 34.49, g = 2.5°
indicates that the body fences might hinder the
interferenca between the body vortices and the wing
flow, especially on the windward side. This could
explain the reduction of lateral stability by the
body fences at very high angles of attack.

From this discussion it may be concluded that on
the one hand it was possible to find a configura-
tion by simple means, which shows lateral stability
for the whole angle of attack range, but on the
other hand this configuration is not at all opti-
mized. The behaviour of configuration L3F at very
high angles of attack suggests for instance to
shorten the body fences at the rear end for further
improvement of the aerodynamic characteristics. In-
vestigations of this kind have not yet been per-
formed but they should be carried out in order to
find those configurations which lead to a maximum
improvement of the aerodynamic characteristics by
a minimum of geometric modifications.

5. Summary

The lateral stability characteristics of a
series of wing-body-combinations has been investi-
gated at the Institut fiur Strdmungsmechanik of
Technische Universitdt Braunschweig. The configu-
rations were composed of a fuselage of Tength/dia-
meter ratio L/D = 9.25 . and 9 different wings of
aspect ratios 2.14 £ A £ 2.64 in high and Tow
position. In addition some configurations were
equipped by small body fences in order to influence



the flow field and to trigger the aerodynamic
characteristics, Six-component balance measurements
have been carried out in the 1,3m Tow-speed wind-
tunnel up to high angles of attack and additional
flow visualizations have been performed in the wind-
tunnel as well as in the water-tunnel of the
institute.

In symmetrical flow for all configurations
vortex breakdown over the wing leads to a reduction
in 1ift curve slope and a sudden loss of 1ift is
observed when the wing vortices are completely de-
stroyed by vortex breakdown and a deadwater-type
flow is established over the wing. In unsymmetrical
flow unstable rolling moments occur in that angle
of attack range in which the sudden 1ift loss is
observed in symmetrical flow. At low angles of
attack, for which attached flow or ordinary lead-
ing~edge vortex flow without vortex breakdown is
present, the wing planform effect (reduction of
sweep on the windward side and increase of sweep on
the leeward side) leads to stabilizing contribu-
tions to the rolling moment. A low wing arrangement
has destabilizing effects and a high wing arrange-
ment leads to stabilizing effects on the rolling
moment due to the induced angle of attack distribu-
tion in unsymmetrical flow.

At higher angles of attack for which vortex
breakdown occurs over the wing these effects
change: Unsymmetrical vortex breakdown due to the
planform effects reduces the lateral stability. A
Tow wing arrangement leads to stabilizing contribu-
tions to the rolling moment since the angle of
attack distribution in unsymmetrical flow reduces
the asymmetry of vortex breakdown. Correspondingly
high wing arrangements cause destabilizing contri-
butions to the rolling moment.

For low wing arrangements the flow on both sides
of the wing is divided by the fuselage. The dis-
tance between the body vortices and the wing vor-
tices is relatively large and therefore interfer-
ence effects are weak. For high wing arrangements
both sides of the wing influence each other. The
body vortices cccur at the same Tevel as the wing
vortices. The corresponding interference effects
are large and therefore high wing arrangements are
much more unstable than low wing arrangements.

Unstable rolling moments were finally caused by
different flow situations

(i) Unsymmetrical vortex breakdown, which Ted
to relatively weak instability

(i1) Unsymmetrical formation of the deadwater
region over the wing which led also to
relatively weak instability

(iii) Deadwater-type flow on the windward side
and vortex flow with vortex breakdown on
the leeward side of the wing. In this case
the instability was extremely large.

By small modifications of the fuselage contour
in form of body fences it is possible to trigger
the flow in such a way that lateral stability is
achieved for the whole angle of attack range. The
basic configuration for the application of such
devices should be only slightly unstable. The sta-
bilizing effect of the body fences has been found
to be a favourable interference effect between the
body vortices and the wing flow on the windward
side of the configuration.
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