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Absiract

Low speed wind tunnel investigations of a fighter
aircraft forebody at high angle of attack and sideslip
have been carried out. With the intention to simplify
the complex flow situation it was decided to work
with part-models of the aircraft forebody. The main
purpose was to study the Re-number effects by tes-
ting at various free stream velocities but also by
using different model scales. The test programme
included force and pressure measurements and also
oil flow tests to visualize the boundary layer flow on
the surface of the forebody.

The investigation has shown that the flow is
extremely sensitive to the Re-number and very pro-
nounced differences have been found with different
models even at the same Re-number. Furthermore, it
has been found that active directional control of the
aircraft by use of different forebody add-on devices
appears promising. This initial investigation will be
followed by further work to improve knowledge con-
cerning the flow problems involved.

i. Introduction

For modern high-performance fighter aircraft the
requirements of combat agility have emphasized the
need for controlled flight at extremely high angles of
attack. In this regime unsymmetric separated vortex
flow from the forebody can develop large side forces
and yawing moments even at zero sideslip angles.

For the new Swedish fighter, the JAS 39 "Gripen”,
the wind tunnel investigation programme accordingly
included tests at high angles of attack. The main pur-
pose was to study the future development potential
towards enlargement of the flight regime, The chosen
model scale, 1:68.5, for the low speed wind tunnel in-
vestigations meant that FFA’s 3.6 m dia. low speed
wind tunnel (because of tunnel wall interference) was
too small for tests at the high angles of attack under
consideration. Therefore, the main part of the low
speed programme was carried out in large tunnels
abroad.

Those test showed that the flow as expected was
very sensitive to Re-number and that transition trips

had significant effects. The unsymmetrical flow over
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the forebody, both concerning more or less gradual
transition and separated areas, generates locally un-
symmetric loads. The flow separations, in form of
intense unsymmetric vortices, affect the rest of the
flow around the aircraft e.g. the flow over the wings
and the fin. This makes it difficult from balance test
results to judge in detail how the vortex flow locally
affects the aircraft. It has been clearly documented
that a large part of the loads originates from the fore-
body. In an attempt to make it easier to approach the
problems and to be able to study the flow phenomena
in more detail subsequent tests were carried out with
part-models of the aircraft forebody.

. Model Description

Figure 1 shows the part of the aircraft, about 36%
of the length, of which models were build, Notice that
both the canard wings and the air intakes are exclu-
ded.

Two forebody models of different sizes were desig-
ned and manufactured for tests in the low speed wind
tunnel at FFA. To reach as high Re-number as pos-
sible the scale of the larger one was chosen to be 1:2.5,
which is about the biggest suitable with respect to
wind tunnel blockage. The smaller one is in the scale
1:6.5, which is the same scale as the full model. The
large and the small models were denoted L and S,
respectively.

Figure 1 also shows the main dimensions of the
large model. The models were equipped with an inter-
nal six-component balance to measure the forces and
moments on the forward part of the model. Both
models are equipped with 212 pressure tappings dist-
ributed around 14 cross sectional stations along the
model, according to Figure 2, The tappings are con-
nected to 6 Scanivalve pressure blocks situated inside
the model.

Some of the tests with model S were carried out
with transition trips. The configuration was equipped
with ten rows of tape strips equally spaced over the
forebody, according to Figure 8.




. Wind Tunnel Installation

The tests were conducted in FFA’s low speed wind
tunnel, which is a continuous closed - circuit wind
tunnel with a 3.6 m circular test section and a maxi-
mum velocity of 83 m/s, For these tests a special high-
o rig is used. Figure 4 shows the large model installed
in the tunnel and Figure 5 shows the rig arrange-
ments. The model is sting-mounted and connected by
an arm to a turntable, which permits angles of attack
in the range of £ 90°. Rotating the model gives sideslip
conditions.

IV. Test Programme

The angle of attack range was from 0 to 90
degrees and the angle of sideslip range was from -20
to +20 degrees. The sideslip series were run at a=40,
50, 60, 70 and 80 degrees.The models were tested at
various speeds in the range from 22 to 58 m/s. The
highest speed with the large model (1:2.5) gives a
maximum Re-number of 6.9 million based on the
mean aerodynamic chord. When running the large
model at 22 m/s and the small model (1:6.5) at 58 m/s
the Re-numbers are equal — 2.6 million.

V. Configurations

During the testing periods with these two models
a number of different configurations have been
investigated. Only a few according to the list, Figure
6, can be treated in this paper. Starting from a basic
configuration simply consisting of a bare cone with a
rotational symmetric tip, different devices have been
added. Configuration 2 is characterized by the pitot-
tube. Configuration 3 is equipped with two horizontal
strakes. On configuration 4 the starboard strake is
retracted. Figure 7 gives the main dimensions of the
add-on devices.

VIi. Results and discussion

First some results from the tests with the large
model are treated showing Re-number sensitivities
for the different configurations and also the effects of
the add-on devices.

Secondly results from tests with both the large
and the small model are compared, which of course
give further information of the Re-number depen-
dance of the configurations.

Thirdly the effects of transition trips on the small
part-model for three configurations are shown.

Model L. Configuration 1

Initial o-series with conf. 1 showed that the confi-
guration was extremely sensitive to variations of the
wind tunnel speed e.g. Re-number, which is evident
from Figure 8. Here the variations with angle of
attack of the five components Cy, Cp,, Cg, C, and G
are shown. Generally the normal force and the pit-
ching moment vary slightly with configuration chan-
ges. The rolling moment is small. The yawing mo-
ment shows about the same behaviour as the side-
force. From here on only the sideforce variations with
angle of attack and sideslip are presented.

The effects of sideslip at o= 40° and below are as
a rule small and are also excluded in this presenta-
tion. Figure 9 shows the results for o= 50°, 60° and
70° at 22 and 58 m/s. Again significant differences are
found at the two velocities. The series were run from

-20° to +20° and back again and despite large and

abrupt sideforce changes only minor hysteresis effects
have been noticed.

The flow conditions at some specific angle of
attack have been studied by oil flow tests. Figure 10
shows the perfect symmetric flow with no sideforce at
o= 40°, The maximum sideforce at 58 m/s was obtai-
ned at 0=62°. Figure 11 shows considerable differen-
ces concerning the transition and separation lines on
the two sides of the forebody. To establish the transi-
tion line more clearly evaporation tests were also car-
ried out, the lower photo. The lines from the oil flow
and the evaporation tests coincide very well.

From all the pressure measurements it has been -
decided to show some results at this maximum side-
force case, 0=62°, and at different free stream veloci-
ties. In Figure 12 the C,-values have been plotted on
every other pressure measuring station. The vector
sums of the pressure forces are also included in the
figures as straight lines. It can be seen that on the
front of the model there are pressure distribution
variations along the body but that the local loads all
point towards the right corresponding to positive
sideforces. On the aft part, however, the loads succes-
sively change directions decreasing the total side-
force.

The most marked effects of velocity variations
occurs at o= 76°. Figure 13 shows two completely dif-
ferent flows where e.g. the trace of a vortex separa-
tion has shifted from the port side at 58 m/s to the
starboard side at 22 m/s.

Model L. Comparsion of Configurations 1 and 2.
The eff itot-

The differencies between the sideforces of these
configurations are really significant. Conf, 2, Figure
14, shows major improvements both concerning the
angle of attack and sideslip behaviour. Adding the
pitot-tube means that the sideforces become close to
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zero in the entire o-regime from 0° to 90° at B = 0° and
at both 58 and 22 m/s. As the oil flow picture shows,
the boundary layer flow on the forebody, Figure 15, is
also nearly symmetric. On the close-up it can be ob-
served that the pitot-tube vortex separation lines pass
into the corresponding separation of the tip of the
nose. Maybe this flow mechanism is essential for
developing the symmetric and very stable flow over
the forebody.

Model L. Comparsion of Configurations 2 and 3.
The effects of the two short strakes

Figure 16 shows that adding the two strakes to a
pitot-tube equipped nose effects the sideforce only
slightly. But there are no major differences between
the results at 22 and 58 m/s. The configuration
appears to be ingensitive to Re-number.

Model L, Comparsion of Configurations 3 and 4.
The effects of retracted starboard strake

Here the ohjective is to study the possibility of
contributing to the directional control of the aircraft
by retraction of one of the strakes. Figure 17 shows
that in large o-intervals it gives very pronounced
sideforces. The initial sideforce (at p=0°) that can be
applied is shown by the a-curves in the figure, At 58
m/s an abrupt sign shift can be seen. The retraction of
the starboard strake gives a sideforce towards star-
board for angles up to about 56° but at higher angles
the effects are reversed. The retraction of a strake can
also be used to give a returning sideforce on a sideslip
disturbance. Figure 18 shows at 58 and 22 m/s the
available AC at a sideslip angle of +10° and also the
accompanying sign shift. Furthermore, from both the
o- and B-series it is obvious that the effects when com-
pared to the results at 22 and 58 m/s are very Re-
number dependent.

As mentioned earlier the low speed test pro-
gramme for the "JAS” was carried out with a full
model in the scale 1:6.5. Some results from those tests
are shown in Figure 19. The forebody configuration
was identical to conf. 2 of this paper e.g. a pitot-tube
equipped nose. The figure shows in fact the yawing
moment but the main part of it is assumed to be cau-
sed by sideforce loads on the forebody. The tests were
run at Re-numbers of 2.8 and 7.7 million (a pressuri-
zed wind tunnel) and were done with and without
transition tripping. The results may in principle be
compared with those of Figure 14 where 58 m/s cor-
responds to a Re-number of 6.9 million and 22 m/s to
2.6 million. Despite Re-numbers of the same order the
trends of the results are remarkably different. The
symmetric flow over the part-model is obviously repla-
ced by a pronounced asymmetric one in the full model
case. The results from the full model are similar to
those obtained with the configuration without pitot-
tube (conf. 1), Figure 8.

The "JAS” prototypes now flying are equipped
with a pair of strakes and consequently do not expe-
rience these asymmetries so the results shown are not
valid for the aircraft. But still the knowledge of the
very explicit Re-number dependence is important
especially if in a future increase of the a-range efforts
are made to control the aircraft by use of the forces
available on the forebody.

The work so far has shown amongst other things
that configuration changes at 22 and 58 m/s give diffe-
rent results and that the part model (1:2.5) does not
show the same characteristics as the full model. Those
were the main reasons, together with the need for im-
proved understanding of the flow phenomena, for the
decision to build and test a smaller part-model in the
same gcale as the full model — 1:6.5.

Model S. Without transition trips

The same test programme was carried out for this
smaller part-model as for the larger one. Only some
typical results from the o-series (B=0°) and B-series at
o= 60° and 70° are presented here. For the same four
configurations, 1 to 4, as investigated earlier, the side-
forces obtained are shown in Figure 20 to 23. Here the
results from the large model at 22 m/s and the small
model at 58 m/s i.e. at the same Re-number, 2.6 mil-
lion, are compared. Also included in the graphs are the
results at the highest available Re-number, 6.9 million
(the large part-model at 58 m/s). For both o- and B-

series, conf. 2 (pitot-tube), Figure 21, is least influen-
ced by changes in Re-number. Conf, 3 (two strakes),
Figure 22, shows considerable differences at sideslip
conditions. For conf, 1 (bare nose), Figure 20, and conf.
4 (port strake), Figure 23, the results show tremen-
dous differences both concerning the o- and B-series.
The troublesome fact is that these results have been
obtained despite geometrical identical models (but at
different scale) tested at the same Re-number.

Mode! S. With transition trips

The common method when dealing with low Re-
number problems to force transition by use of trips has
also been used here with the small part- model. The
results in the previous section for the model without
transition trips produced for the Re-number studies
also serves here as a base for establishing the effects of
the transition trips. A number of different trip configu-
rations have been tested but the results from just one
of them are presented according to Figure 3, Three of
the configurations tested earlier — 1, 2 and 3 — were
equipped with transition trips and the results are
shown in Figures 24, 25, 26 respectively. For compari-
son, the results from the large model are included in
the graphs as before . In general this transition trip
configuration has a pronounced influence on the flow.

The a-series in Figure 24 — conf. 1 — shows for ex-
ample that the sideforces have the same trend as
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obtained with the large model and the forces have
increased between o= 50° and 65° to the same level.
The o-series in Figure 25 are especially interesting
because here the trips have created unsymmetric flow
conditions. Unsymmetric conditions were also found at
the high Re-number tests discussed earlier (Figure 19).
Figure 26 shows the relatively small transition trip
effects with configuration 3.

VIl._Concluding remarks

It has been a major advantage to work with part-
models because of the possibilities of the direct coup-
ling between the measured forces and the boundary
layer flow observed on the forebody. There are so far no
indications that the part-model approach means that
basic information concerning the forebody loads is
lost.The variations brought about on the one hand by
changes of the free stream velocities and on the other
by different model scales showed that the flow is extre-
mely sensitive to the Re-number. Furthermore, despite
having the same Re-number considerable differences
concerning the loads on the forebody were found for
different models.

The transition trip configuration chosen for the
small part-model affects the results differently depen-
ding on the model configuration. There are cases where
the trips have created a high Re-number unsymmetric
flow from a former low Re-number symmetric one. The
investigations with add-on devices indicate promising
results. It was noticed that even those effects are mar-
kedly Re-number dependant.

Generally these basic initial investigations have
shown a very complex forebody flow. They will be follo-
wed by further work to improve current knowledge
concerning the flow problems involved.

1193

/A Ara N
gﬁggg B

ae |
REF_q}

POINT ]

[‘Y a17

Figure 1. The part-model size compared to the actual
aircraft.

1
23456 7 8 9 w0 1 1z 13 14

330° o 3¢°
300y 60°

0]

270" 90

228 135’
180

Figure 2. The pressure tappings on the forebody.




Figure 3. Some of the ten transition trip rows.
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Figure 24. Conf. 1. The effects of transition trips. Figure 26. Conf. 3. The effects of transition trips.
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