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ASSESSMENT OF LOW-SPEED, HIGH LIFT CAPABILITY OF "DIAMOND"
PLANFORM WINGS WITH MACH & REYNOLDS NUMBER EFFECTS & POSSIBLE
IMPROVEMENTS

T

For reasons of stealth, highly tapered wings of "Diamond" planform are
being actively pursued for practical application on advanced fighter
aircraft. Such wings are known to be prone to flow separations at the wing
tip. The underlying philosophy of the work programme on this class of
aircraft is to maximise the performance and subgonic-transonic
manoeuvrability within the constraints imposed by low radar signature. LE
and TE devices are therefore incorporated and the high 1lift performance
needs to be assessed theoretically and experimentally.

SUMMARY

This report highlights two main objectives: (1) to assess the given
vdiamond" (cambered and twisted) wing with and without LE and TE flaps and
(2) to indicate possible improvements. These two objectives lead also to
the methodology for dealing with such wings when more accurate design
information may be required in future. The premise is that such information
will lead to an appreciation of compromises between constraints imposed by
radar signature considerations and aerodynamic performance.

The techniques have shown the capability to predict the lift-drag polar
with sufficient accuracy to enable derivation of the LE & TE flap schedules
including LE radius, Mach and Reynolds number effects.

For a wing with scheduled LE and TE flaps, the benefits of rounded LE are
apparent at high lift. Increasing Reynolds number (flight conditions) adds
to the benefits. It is expected that for the same performance, a sharp LE
wing will in general, require a higher LE deflection and the deflection
schedule will need to be kept finely "tuned". On the other hand, a small
amount of rounding on LE allows a much more tolerant deflection schedule.

The technique will assist with the assessment of flight manoeuvrability and
its enhancement. The work will allow the design or aircraft updating cycle
to commence with a good idea of the relative effectiveness of the various
geometries. In view of the encouragement gained, further theoretical and
experimental work has been recommended in several areas. These should have
a constructive and practical impact on current and future combat aircraft
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Consulting Engineers
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Bristol BS8 10X, UK
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1. INTRODUCTION

1.1. Background

As a result of USAF-EOARD sponsored "Window-on-Science" visit to WL and
AFOSR (April' 92, Ref.l), several areas of mutual interest were identified
(Refs.2 and 3). One of the aspects concerning high 1lift development on
highly tapered "diamond" type ("stealthy") planforms is being currently
undertaken under the part sponsorship of the USAF-EOARD.

1.2. High Lift Development of Modern "Stealthy" Aircraft

Fig.l.1l shows a view of the class of aircraft (ACWFT) under consideration
which follow on from the F-22 and F-23 arrangements. Fig.1.2 gives three
views of a related configuration without vertical surfaces. The "chined”
lifting body is fully integrated with the wing and inlet. The "diamond"
planform wing has LE sweep of 40°, and TE sweep of -—30°. Such wings,
because of high taper, are prone to flow separations at the wing tip. The
underlying philosophy of the work programme on this class of aircraft is to
maximise the performance and subsonic-transonic manoeuvrability within the
constraints imposed by low radar signature. LE and TE devices are therefore
incorporated and the high 1lift performance needs to be assessed
theoretically and experimentally.

Such configurations are being tested in various wind tunnel facilities in
the USA to obtain low-speed longitudinal and lateral information with
varying Mach and Reynolds number effects:

7x10 ft NASA Ames, Mach 0.18, g=50 psf
0.267 scale half model representing the exposed wing panel.

0.100 scale full model.

40x80 ft NASA Ames, Mach 0.4, g=215 psf
0.55 scale full model.

80x120 ft NASA Ames, Mach 0.09, g=30 psf
0.55 scale full model.

Naturally, because of inevitable time and cost restraints, not all possible
combinations of geometry can be tested in the wind tunnels. Therefore a
need for supporting, project-biased, theoretical work (rather than CFD),
has been identified. In the first instance, the techniques seek to compare
results with those from experimental work. Once a reasonable confidence
level has been demonstrated, the theory will enable an'expansion of the
database. It will enable also the identification of the promising areas for
further CFD and experimental activities.

1.3. Objectives of the Present Work Programme & Techniques Used

The main objectives of the present work programme are two-fold. The first
objective is to assess the given "diamond" (cambered and twisted) wing with
and without LE and TE flaps. The second objective is to indicate possible
improvements. These two objectives lead also to the methodology for dealing
with such wings when more accurate design information may be required in
future. Such information will lead to an appreciation of compromises
between constraints imposed by radar signature considerations and
aerodynamic performance.

The techniques based on lifting surface and panel methods have been
developed and refined over the last few years. They allow predictions of
forces and moments arising on fairly general (and complete) configurations
having thick or thin wings with and without LE and TE flaps. The methods
incorporate attained thrust principles for the given flow parameters: Mach
number and Reynolds number. Previous applications of the theory to a wide
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variety of “conventional"” wings have demonstrated very close and
encouraging agreement with experiment.

1.4. Layout of This Report
The remainder of this report is presented in Sections 2 to 8 as follows:

Section 2 deals with configuration geometry highlighting the exposed
wing and whole geometry differences.

Section 3 presents results for exposed wing (with and without LE and TE
flap deflections) and assesses the effects of introducing variations
of LE radius and Reynolds number. Comparisons with Experiment are
given at Mach 0.18.

With the encouragement gained from the comparisons in Section 3, Section
4 presents predicted results on the LE flap chord variation on the
exposed wing configuration at Mach 0.18.

Section 5 introduces predictions for Mach 0.4.

Section 6 presents predictions for a wing+body arrangement and assesses
the effects of introducing variation of LE radius.

Section 7 describes the scope of further work required.

In Section 8, Concluding Remarks have been presented.

2. CONFIGURATION GEOMETRY, ASSUMPTIONS & FLOW PARAMETERS

For the class of configuration typified in Figs.l1.1 and 1.2, the only
geometric details available to us were for the exposed Basic wing
(CONFIG-A) as illustrated in Fig.2.1. A half-model of this wing (semi-span
4.27 ft) was tested in the NASA Ames 7x10 ft wind tunnel at 0.267 scale.
The wing has LE sweep of 39.51° and TE sweep -40.60°, thus different from
that in Fig.l1.2. The leading edges of the basic wing were sharp. LE and TE
flaps are also featured.

During the later stages of the test programme, the LE of the wing was
rounded in a simple fashion. Selected tests were undertaken with LE radii
(r, = 0.1875" and 0.375", i.e. assumed to be normal to the LE and
independent of the spanwise distance). For these tests therefore r/c along
the wing-span varies considerably (very much higher at the wing-tip).
Further details of the resulting aerofoil sections are not available to us
at this stage.

The emphasis of the studies is on improving the understanding of the wing
aerodynamics. However, in view of the compact-integrated nature of the
overall configuration and the presence of a lifting body, we needed to
represent the fuselage effects in a realistic, although simplified manner.
Fig.2.2 illustrates the model (CONFIG-B) that we have adopted which
represents the essential features of the body and wing intersection. The
body is assumed to be uncambered at this stage. Grid optimisations have not
been undertaken.

The following table compares the exposed (CONFIG-A) and gross wing on
CONFIG-B.

Geometry Parameters

The wing planform parameters based on exposed wing semi-span=1.0 are as
follows:
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Exposed Gross

Aspect Ratio 2.0049 2.1220
Wing Area S 0.99756 2.2419
semi-span 1.0 1.54394
cr 1.8384 2.7505
C¢ 0.1567
Cay = C 0.99756 1.4536
Taper ratio 0.08523 0.06971
LE Sweep 39.51°
% chord sweep 22.23°
TE Sweep -40.60°

Wing Aerofoil t/c = 4.5%, reference case with sharp LE (r/c=0.0)
Maximum t/c at 0.396c on cambered and twisted sections.

LE Shape

The predictive technique allows aerofoil parameters to be chosen and
the most significant parameter is r/c variation along the span. In the
present programme of work, "regular" variations of r/c ranging from
0.0 to 0.0022 have been considered in addition to the "non-linear" r/c
variations along the span (r, = 0.1875" and 0.375").

LE Flap (LEF) Deflection

0°, 15¢ , 30° , 45° (normal to LE)
0°, 11.78°, 24.19°, 37.89° (chordwise)

TE Flap & Aileron (TEF inner & outer), usually deflected together

0°, 15° inner & outer (normal to LE)
0°, 10.66° inner, 11.62° outer (chordwise)

Configuration Notation

For convenience, the configuration notation is in terms of LEF/TEF.

Flow Parameters

Test Mach No Reynolds No R (based on cpy)
0.09 5.37x10% (0.550 model), 10.06x10% (flight)
0.18 1.95x10° (0.100 model),  19.54x10° (flight)
0.18 5.22x10° (0.267 model), 19.54x10% (flight)
0.40 23.89x10°% (0.550 model), 44.71x10% (f1light)

For convenience, we have chosen a more "regular" set of Reynolds
numbers for calculations i.e. R =2, 5, 10, 20 and 50 x10".

3. CALCULATIONS ON EXPOSED WING (CONFIG-A) & COMPARISONS WITH EXPERIMENT AT
Mach 0.18

As mentioned in Section 2, the technique can allow different LE shapes to
be evaluated with comparative ease. Several possibilities exist for
choosing the LE radius variations along the span. In the early stages of
the work programme, for the sake of simplicity, r/c values were held
constant along the wing-span. In the later stages, r, = 0.1875" and 0.375"
were studied which emphasises large r/c at the wing-tip.

The techniques can allow for a relaxed TE wake. Since it is time and effort
intensive, it was not considered practical to perform this at all
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incidences of interest. However, specimen cases were investigated at high
a. These showed that 1ift coefficient was increased by about 0.05 to 0.1 at
about 24° incidence compared with the equivalent case for unrelaxed TE
wake. There were however, no perceived differences in drag polars. If
required in future studies, TE wakes can be relaxed.

Similarly, viscid effects can be allowed for in an empirical way, if
required, in future investigations. Our experience is that such effects
become more important on thicker wings. The viscid effects will tend to
reduce lift at higher incidences.

In the present calculations, the emphasis is on locating the first "break"
in the 1ift and drag relationships. Vortex breakdown effects (second
"break") are related directly to the first "break". Experience suggests
that delaying the first "break", in general, also delays the second
"break". From the point of view of deriving the actual operating schedule
for a wing with LE and TE flaps, as will be seen later, the vortex
breakdown effects become relatively less significant as the LE flap
deflection progressively increases or LE radius increases. However, an
early assessment of the vortex breakdown effects was made on the basic wing
without LE and TE flap deflections on which these effects dominate.

3.1. Basic Wing, LE & TE Flaps Undeflected

Figs.3.1-3 show the results for the basic wing (LEF/TEF: 0/0) with LE
radius variation (r/c = 0.0001, 0.001 and 0.0022) for three Reynolds
numbers: 2, 5 and 20 x10". The relationships depicted through
representative a ranges are:

CN—a,CAi-a,CDi—CL,CL—a,CDi—aandk-CL

The lift induced drag factor 'k' for a wing of aspect ratio (A) follows
from the conventional simple definition of drag coefficient (Cp) in terms
of the surface friction (Cpg) and lift dependent (Cpj) components as:

Cp = Cpo + ©Cpi
k= mAC 2 2
= 7 Di/cL =mA (Cp - Cpo)/Cr°-

The above definition ignores the small contribution due to lift effects on
Cpo- )

The theoretical results show curves for 0% and 100% LE suction as well as
for the Mach and Reynolds number effects. The 0% LE suction curves
correspond to the case of sharp LE i.e. r/c = 0.0. From our experience, the
Cp; and k variations indicate the break points and flow separation trends
in a more obvious fashion which are very important in assessing the
performance of wings.

Fig.3.4 depicts the results for Reynolds number variation (R = 2, 5 and 20
x106) with LE radius set at r/c = 0.0022.

From these figures, the first "breaks" give the main trends:

1. Wing has positive 1lift at zero a due to the presence of small TE
camber.

2. Rounding of the LE has a beneficial effect on drag as Reynolds number
increases. The benefit decreases as r/c increases. It is however,
physically difficult to achieve very low r/c values and maintain the
flows. A more reasonable or useful starting point from practical
considerations could be r/c=0.0005.

3. Lift is slightly reduced due to LE rounding at higher a.
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4. The best k values attained are of the order 1.0 for the rounded LE.
For sharp LE, k = 1.2 is attained at Cp near 0.2. These values appear

to be plausible.

Specimen Vortex breakdown studies undertaken with another technique based
on that of Lan and Hsu (Ref.4) have shown that the onset of vortex
breakdown would be at the TE at around 9-10° incidence. The vortex
breakdown will progressively move forward, eventually limiting the maximum
1ift of the wing. The vortex breakdown limits can be "coerced"” and
detrimental effects relieved to give high lift capability with deflected LE
and TE devices.

3.2. Basic Wing with Deflected LE & TE Flaps

Figs.3.5-7 show the results for the wing (LEF/TEF: 15/15) with LE radius
variation %f/c = 0.0001, 0.001 and 0.0022) for three Reynolds numbers: 2, 5

and 20 x10°. Fig.3.8 shows the results for Reynolds number variation (R =
2, 5 and 20 x10°) with LE radius r/c = 0.0022.

Figs.3.9-11 shows the results for the wing (LEF/TEF: 30/15) with LE radius
variation gr/c = 0.0001, 0.001 and 0.0022) for three Reynolds numbers: 2, 5

and 20 x10°. Fig.3.12 shows the results for Reynolds number variation (R =
2, 5 and 20 x10°) with LE radius r/c = 0.0022.

Figs.3.13-15 shows the results for the wing (LEF/TEF: 40/15) with LE radius
variation gr/c = 0.0001, 0.001 and 0.0022) for three Reynolds numbers: 2, 5
and 20 x10°. Fig.3.16 shows the results for Reynolds number variation (R =
2, 5 and 20 x10°) with LE radius r/c = 0.0022.

We note:

1. The difference (region) between 0% and 100% LE suction curves expands
either side of the nearly "attached" region. The magnitude of the
difference decreases as LE flap deflection increases. This difference
tends to give non-linear appearance to the lift curves.

2. For the sharp LE curve, the Cjqg value actually decreases as the LE
deflection increases. This effect raises the lift-curve slope at small
incidences. This is however of little consequence from the point of
view of determining LE flap schedule.

3. The best k values attained are of the order 1.13 for the rounded LE.
For sharp LE, k = 1.18 is attained.

4. As the LE flap deflection increases, the range (or domain between the
lower and higher limits of a or Cp) over which flow might be expected
to be attached varies. For sharp LE, the attached flow range is
expected to be very small. As the roundness of LE is increased, the
attached flow domains expand. A corollary is that higher the upper
limit defining the domain is, the higher the a of vortex breakdown
onset.

We now take in more detail on the these domains.

Fig.3.17 shows the attached flow domains of a and Cp, for r/c = 0.0022. As
Reynolds number increases, the domains for a given LEF deflection expand.

Fig.3.18 (a-c) shows the effect of LE radius r/c variation on the attached
flow domains of a and C; for R = 2, 5 and 20 x106. As r/c increases, the
domains expand.

It follows from these graphs that for the derivation of schedules for LE
and TE flaps, it is desirable to operate within these domains. The benefits
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of rounded LE are apparent at high lift. Increasing Reynolds number (flight
conditions) will lead to added improvements. It is expected that for
equivalent performance, a sharp LE wing will in general, require a higher
LE deflection and the deflection schedule will need to be kept closely
“tuned". On the other hand, even a small amount of rounding on LE allows a
much more tolerant deflection schedule. The techniques available allow us
to assess these benefits.

Fig.3.19 summarises the effect of LEF and TEF deflections on lift-drag
characteristics for sharp LE wings. The Cp - Cp and k - Cp graphs enable
the derivation of an operating schedule for LE and TE flaps.

3.3. Comparisons with Selected Results from Tests on A Half-Wing in 7x10 ft
Wind Tunnel at Mach 0.18

It is worth mentioning that the half-wing experimental results in form of
lift-drag graphs were conveyed to us after most of the predictions were
completed and discussed with the technical monitors of the programme. There
were some small differences in hinge-line assumptions. The experimental
results then enabled the comparative graphs against predictions to be
derived.

The half-model tests naturally, imply some reservations as regards the
measured forces and moments. For a model with a balance, inevitably, small
leakages of flow are likely to occur at the wing intersection with the
reflection plate. Further, as the boundary layer develops on the reflection
plate this can reduce the effectiveness of the root TE. Therefore some
uncertainties can arise in Cpo and Cro (at a = 0°).

The Cpp term is fairly small and from the experiments it is estimated to be
of the order of 0.008 for the basic sharp LE wing (strictly the uncambered,
untwisted mode). The emphasis of the comparisons is however, on lift-
induced drag prediction.

Sharp LE

Fig.3.20 shows the experimental results. These results were digitised from
1ift and drag graphs. The format of presentation here is similar to that
for the predicted results of Fig.3.19. In view of the small uncertainities
in Cpo and Cio ©on a half-wing model, any resulting corrections have been
omitted at present.

Note that:

1. The basic wing with undeflected LE and TE shows a very early first
break and a corresponding early second break. This is as expected on
the basis of predictions.

2. The character of Cro variation with LE flap deflection increasing is
predicted by theory.

3. The best k values are of the order of 1.0 for the wings with LE and
TE flaps deflected. This is somewhat surprising as Cho effects have
not been included. If Cho is to be subtracted, k values will then be
less than 1.0. This suggests that we need to look towards CDO values
from complete wing tests in due course. Overall this is a minor
problem in the present context as the various break points can be
identified with reasonable confidence.

4. From the Cp - Cr, and k - C, graphs, we can derive the operating
schedule for LE and TE flaps. For sharp LE, optimum performance
implies that LE flaps are always "tuned". Further improvements at
higher C,, are likely with increased LE and TE flap deflections.
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Fig.3.21 summarises the lift-drag envelope from theory (Fig.3.19) and
experiment (Fig.3.20). It is very encouraging to note that the theoretical
predictions are very close to the experimental results. The theory appears
capable of predicting the flap schedules, although we have not needed to
include all the second-order features of the theory available to us (e.g.
relaxed wakes, viscid corrections at the expense of course, of extra
complexity). Vortex breakdown effects limits are apparently "pushed" higher
by increasing LE flap deflection.

Predicted Effect of Rounded LE (r/c = 0.0022)

It is of interest to see the effect of a rounded LE. Fig.3.22 shows the
lift-drag envelope compiled from Figs.3.4, 3.8, 3.12 and 3.16 for R = 5
x106. This suggests that the improvements due to LE radius occur mainly at
high lift and that the LE flap schedule does not need to be so finely

"tuned". Higher LE deflections should lead to further small improvements.
Effect of Rounded (r, = 0.1875" and 0.375"), Theory & Experiment

As mentioned in Section 2, during the later stages of test programme, the
LE of the wing was rounded in a simple fashion. Selected tests were

undertaken with LE radii r, = 0.1875" and 0.375".

Figs.3.23 and 24 show the predicted effect of LE radius changes on two
cases of the basic wing with deflected LEF and TEF (LEF/TEF: 30/15 and

45/15).

Fig.3.25 shows the experimental results for the sharp and rounded LE wings
for LEF/TEF: 30/15 case. Fig.3.26 refers to LEF/TEF: 45/15 case. We note
that rounding of the LE enables higher 1lift to be attained prior to flow
separations. This inference is in line with the comments based on attached
flow domains (Section 3.2). It confirms that the benefits of a rounded LE
appear at high lift. The vortex breakdown effects are also delayed by a
rounded LE.

We can now summarise all the comparisons on the basis of attached flow Cjp,
domains as illustrated in Fig.3.27. The agreement between predictions and
experiment for the first break with and without LE radius effects is
remarkably encouraging. This once again confirms that theory predicts with
reasonable confidence, the LE radius and Reynolds number effects and the
attached flow regions.

In the context of high lift, Fig.3.28 compares the Cp - Cp, from theory and
experiment for the LEF/TEF: 30/15 and 45/15 configuration for LE radii rp =
0.375". We note that apart from Cpg effects already indicated, the
predictive method is capable of being used for deriving LEF and TEF

schedules.

4. SELECTED PREDICTIONS ON EXPOSED WING (CONFIG-A), Mach 0.18

With the encouragement provided by the foregoing comparisons, it was felt
opportune to look at some geometry variations. An important design aspect
on very thin wings is that for given control effectiveness, the LE and TE
controls need to be minimal in surface area and operate with as small a
hinge moment as possible. An estimation of the effects of LE flap chord
variation is one of the early questions to be addressed.

4.1. LEF Chord Variagion

Fig.4.1 shows a selection of four possible hinge-lines (1 - 4) for the LE
flap geometry. Hinge-line (1) is the reference case, as used in the
preceding work. For the present purposes, we have chosen to assess the
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effects of reducing the flap chord and compare hinge-line (3) against the
reference (1). For this exercise, TE Flap was kept undeflected.

Fig.4.2 summarises the attached flow domains of a and Cp, with respect to LE
flap deflection for the two hinge-lines (r/c = 0.0022, TEF 0°). As Reynolds
number increases, the domains expand. The domains are however, narrower and
are at a smaller "slope" for hinge-line (3) indicating that:

l. For a given deflection, LE flaps with hinge-line (3) are less
effective than those with hinge-line (1). This appears plausible.

2. For equivalent effectiveness, hinge-line (3) flaps will require
increased deflection (approximately 5°-10° more). TE flap deflection
can be introduced to increase lift.

3. From the point of view of minimal control surface and hinge moments,
there is a design space to be explored relating the LE flap chord to
deflection required along the wing span.

It can be generally inferred that the present techniques can be used for
optimisation of LE and TE flap geometry. Obviously some experiments at
certain key-points will be helpful in "boosting" the confidence level. It
is realised that other factors such as Mach number effects also come into
play and the techniques will need a certain amount of validation work.

5. SELECTED PREDICTIONS ON EXPOSED WING (CONFIG-A), Mach 0.4

These results have been presented to show the capability for studying Mach
number effects. At this stage, however, we do not have any experiments to
compare with.

Fig.5.1 shows the results for the basic wing (LEF/TEF: 0/0) for Reynolds
number variation (R = 10, 20 and 40 x106) with LE radius r/c = 0.0022.

Fig.5.2 shows predictions for the configuration without LE, TE flap
deflections and vortex breakdown effects.

As might be expected, the predictions are similar in character to those at
Mach 0.18. It will be of interest to investigate higher Mach numbers in due
course.

6. SELECTED PREDICTIONS ON WING-BODY, CONFIG-B, MACH 0.18

For the configuration depicted in Fig.2.2, preliminary calculations have
been undertaken. The main purpose at this stage is to demonstrate that the
predictive method continues to give a useful insight into complex
configuration flow-fields. We need however, to validate the predicted
results against experiments in due course on 0.1 and 0.55 scale models
(Section 1.2).

Fig.6.1 shows predictions for the configuration without LE, TE flap
deflections and vortex breakdown effects. The coefficients are non-
dimensionalised by gross wing area. Several -curves using different
assumptions including LE radius changes are depicted. Strong lift and drag
effects arise when vortex flow terms arising on the fuselage are included.
This is in line with conclusions of Ref.5. The induced drag factors are
higher than those for the exposed wing (Section 3).

Fig.6.2 shows the effect of LEF/TEF: 45/0 case. The improvements in lift
and drag properties of the configuration are clearly shown and the results
look plausible. However, these need to be placed in a more complete
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perspective and further work with a range of LE and TE flap deflections
will be required in due course.

7. SCOPE OF FURTHER WORK REQUIRED

As mentioned in Ref.6, further work exploiting the potential of the method
is seen in a number of aspects e.g.:

1. LEF and TEF Shape optimisations. Systematic parametric studies are
required. These will allow the design cycle to commence with a good
idea of the relative effectiveness of the various controls and the
changes needed in the flight control system.

2. Validations with fuselage effects (complete configurations).
3. Pitching moment considerations for trim.

4. Predictions of characteristics of other related planforms: diamond,
Y- and Lambda etc.

5. Predictions and Comparisons for the F-16 "Falcon" configuration.

6. Improvements e.g. Relaxed Wake Consideration.

7. Sideslip, operation with different LEF and TEF settings either side
to prevent adverse vortex breakdown effects.

8. Assessment of possibilities for further developments including
trimming, aero-elastics, transonics.

In view of the encouraging progress and significant problems already
solved, the time scales envisaged are likely to be reasonable.

The predictions can guide CFD and experimental work which should lead to
considerable cost benefits.

These topics should have a constructive impact on the current and future
practical scene.

8. CONCLUDING REMARKS

A topical research area motivated by "stealth" considerations concerns high
lift development on aircraft with thin, highly tapered "diamond" planform
wings. The main drive is towards improving subsonic and transonic
manoeuvrability with LE and TE devices.

This report has addressed two main objectives. The first objective has been
to assess the given "diamond" wing with and without LE and TE flaps. The
second objective is towards seeking ideas for possible improvements of such
wings. The two objectives lead also to the methodology for dealing with
such wings when more accurate design information may be required in the

future.

The predictive techniques emphasise the first "break" of 1lift and drag
characteristics arising due to Mach and Reynolds number effects. Vortex
breakdown effects (second "break") are related directly to the first
"break". Delaying the first "break", in general, postpones the second
"break". From the point of view of deriving the actual operating schedule
for a wing with LE and TE flaps, the vortex breakdown effects become
relatively less significant as the LE flap deflection progressively
increases or LE radius increases.
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The agreement between predictions and experiment for the first break with
and without LE radius effects is remarkably encouraging. This once again
confirms that theory predicts with reasonable confidence, the LE radius and
Reynolds number effects.

It is very encouraging to note that the theoretical predictions of lift-
drag envelopes are very close to comparable experimental results. The
theory appears capable of predicting the flap schedules, although we have
not needed to include all the features of the theory available to us (e.g.
relaxed wakes, viscid corrections at the expense of course, of extra
complexity). Vortex breakdown effect 1limits are "pushed" higher by
increasing LE flap deflection.

For a wing with scheduled LE and TE flaps, the benefits of rounded LE are
apparent at high lift. Increasing Reynolds number (flight conditions) will
add to these improvements.

For equivalent lift-drag performance, a sharp LE wing will in general,
require a higher LE deflection and the deflection schedule will need to be
kept closely "tuned". On the other hand, even small amounts of rounding on
the LE allows a much more tolerant deflection schedule.

A brief assessment of LE flap chord showed that a smaller chord LE flap
implies reduced effectiveness and to an extent this may be compensated for
by increased deflection. The techniques available allow us to assess these
benefits. ’

A brief study with fuselage vortex flows indicated very significant trends
which appeared to be plausible. However, these need to be placed in a more
complete perspective and further work with a range of LE and TE flap
deflections will be required in due course.

Capability is for reliable lift-induced drag prediction through Mach and
Reynolds number ranges covering Model or flight. Methods can be used for
optimisation studies at the configuration design stage or during wind
tunnel testing phase. Applicability is for wide ranging configurations
including conventional and unconventional (diamond, lambda-, y- "stealthy"
wings).

The methods provide the ability to determine pay-offs arising from geometry
changes and device incorporation. With these methods, considerable cost
benefits are implicit which can be justified. For example, any "non-
promising" configurations on the basis of the predictions need not be
tested in full detail, saving costs. The effort can be better expended on
tests of more "useful" configurations. Similar arguments apply for CFD.

Such information will lead to an improved appreciation of compromises to be
made between constraints imposed by radar signature considerations and
aerodynamic performance.
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LIST OF SYMBOLS

A Aspect Ratio

A Axial Force along x-axis (for definition of Cp)

c Local Wing chord (function of spanwise position)

Caero = €, Aerodynamic wing chord

Cav = ¢, Average Wing Chord

Ca = A/(g S), Axial Force Coefficient = Cp cosa - Cj, sina

Cai = Axial Force Coefficient without Cpgy effect

Cp =D /(q S), Drag Coefficient where D is Drag force

Cpo Drag Coefficient at zero lift (strictly, for a planar wing)
Cpi Lift Induced Drag Coefficient

= L/(g 8), Lift Coefficient, where L is Lift Force

CLo Lift Coefficient at zero 1lift

Cn
Cr
k

LE

Maximum Lift Coefficient

= m/(q S c), Pitching Moment (Body Axis)
Normal Force Coefficient = Cp cosa + Cp sina

& c Wing Root chord and Tip chord respectively
= @ A Cp;i/Cr2, Lift Induced Drag Factor
Leading Edge

LEF Leading Edge Flap

Pitching moment (Body Axis)

Mach Number

= 0.5 [ V°, Dynamic Pressure

RAerofoil radius

Rerofoil radius normal to leading edge of wing
Reynolds Number, based on ¢, (unless otherwise stated)
Wing semi-span

Wing Area

Rerofoil thickness

Trailing Edge

TEF Trailing Edge Flap

Velocity

y.2z Orthogonal Wing Co-ordinates, x along bodyaxis

Angle of Attack

Taper Ratio -

LE Sweep Angle

= y/s, Non-dimensional spanwise Distance
Air Density




FIG. 1.1 GENERIC AIRCRAFT CONFIGURATION WITH "DIAMOND"
PLANFORM WING
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FIG. 1.2 THREE VIEWS OF GENERIC AIRCRAFT



FIG. 2.1 CONFIG-A, WING GEOMETRY, LE FLAP & TE FLAP DETAILS
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FIG. 2.2 CONFIG-B, GEOMETRY ADOPTED FOR CALCULATIONS
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FIG. 3.17 BASIC WING WITH LEF DEFLECTION, TEF 15°, ATTACHED
FLOW DOMAINS, « & Cp BASIS, EFFECT OF R VARIATION, MACH 0. 18,
r/c = 0.0022
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/1 (a) LEF/TEF: 30/15

(b) LEF/TEF: 45/15

FIG. 3.28 COMPARING Cyp, - Cp FROM THEORY & EXPERIMENT FOR
LEF/TEF: 30/15 & 45/15, rp, = 0.375", R = 5 x10

P




(1) Referencé (2) Inverse taper

(3) Reduced chord (4) Tapered outboard

FIG. 4.1 POSSIBLE LEF CHORD VARIATION, HINGE-LINE (1) to (4)
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