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Abstract

The experimental measurements of the aerodynamic
characteristics of five close coupled wing-canard
configurations up to moderately high angles of attack
are compared with the calculated results by the
improved version of the Non-Linear Vortex Lattice
Method (NLVLM). Using this method, the acrodynamic
coefficients, the rolled-up vortex trajectories and
the opressure distributions are calculated. These
calculations are performed for the five wing-canard
configurations for which experimental data is
available. These wing-canard models include various
wing and canard geometries and the investigation
covers the effects of varying canard deflections and
canard positions relative to the wing. This
investigation indicates that in addition to the
increased maximum lift by delaying the vortex
breakdown the canard enables added maneuverability by
the variation of the lift to drag ratio (L/D) and the
longitudinal stability coefficient (de/dCL) as a

function of the angle of attack and canard
deflection. The aerodynamic force characteristics
which are evaluated by the NLVLM are found to be in
reasonably good agreement with the experimental data
up to vortex breakdown. Less favorable agreement is
found in the comparisons of the moment coefficients
and pressure distributions.
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Introduction

It is by now well established that improved
acrodynamic performance of slender wing config-
urations at high angles of attack is achieved by the
enhancement of the strength of the rolled-up
vortices. At increasing angles of attack the induced
lift due to these wvortices (the non-linear contri-
bution to the lift) is increasing as long as the
strength  of the rolled-up vortices continue fo
increase until these rolled-up vortices burst and the
wing stalls, Therefore, strong aerodynamic effects
can be achieved by utilizing means to enhance the
strength of the vortices and delay vortex breakdown,
The most commonly used methods are the generation of
new strong vortices by various devices, such as:
leading edge extensions (LEX, LEE), leading edge
flaps, winglets, “saw tooth” extensions, strakes,
vortex flaps, pylons and fences, slots and blowing of
jets. All of these, in various combinations, generate
vortices which are directed to interact with the main
lifting rolled wup vortices to induce the vortex
strength augmentation,

The close coupled wing-canard configuration has
the additional advantage of utilizing the movable
canard as an aerodynamic control surface, In this
casethe moveable canard generates, in addition to
its lift and pitching moment, also strong vortices
that augment the strength of the wing’s rolled-up
vortices which result in increased total lift at
higher angles of attack due to the delay in the
vortex breakdown. The flow field generated by these
vortices will cause an upwash on the canard due to
the wing and a downwash on the wing due to the canard
that will affect the lift forces and the pitching
moments on each one of these surfaces and therefore




the total lift and the trim and control effectiveness
of the wing-canard configuration. In the present
investigation we will examine the capabilities of the
NLVLM to evaluate the aerodynamic characteristics of
the wing-canard configuration which is dominated by
the interactions between the canard and the wing
vortices.

It is generally assumed that the vortex flow
over the slender wing with or without the canard can
be predicted with relatively good accuracy by
inviscid methods of analysis. It is clear that the
generation process of the free vortices, which is
started by the separation of the vortical shear layer
from the body and/or the wing’s surface (or at the
sharp leading edges), is due 1o viscous -effects.
These viscous effects may be viewed as the result of
the strong interaction between the viscous flow near
the surfaces with the inviscid external flow. It is
then assumed that once the shear layers separate from
the surfaces or leave the sharp leading edges they
roll up into the known ‘“rolled-up leading edge
vortices” and the resulting flow is from now on
dominated by  the  inviscid  vortical  flow
characteristics. This hypothesis is the justification
for the various panel methods as well as the justi-
fication for the application of the recently
developed Euler code methods (Refs. 1-4). The com-
plexity, the difficulty and the high costs of the
Euler code calculations for practical aerodynamic
configurations at subsonic speeds s still rather
formidable (Ref. 5). The subject of the present paper
is to show that the evaluation of the aerodynamic
characteristics of slender wing-canard configurations
in subsonic flows at high angles of attack is much
simpler and much more economical in calculation time
and computer resources when the Non Linear Vortex
Lattice Method (NLVLM), is used. The basic formu-
lation of the NLVLM is presented in Refs. 6-10, and
an improved version will be presented in this paper.
Using this new version of the NLVLM, the calculated
acrodynamic coefficients as well as the flow field
structure are found 10 be in good agreement with
experiments., Even the calculation of the pressure
distributions is in reasonable agreement with the
experimental data, sufficiently so, as to be accepted
as a reasonable approximation for preliminary design

purposes.

The classical linear Vortex Lattice Method (VLM)
as presented in Ref. 6 is not capable 1o include the
effects of the rolling-up of vortices in the compu-
tation scheme. The method of calculating the effects
of the rolling-up of the free vortices was developed
and is the basis of the NLVLM as presented in Refs. 7
and 8, for the calculations of the aerodynamic para-
meters of wings, including the close coupled wing-
canard configurations. The application of the NLVLM
to slender bodies of various cross sections is pre-
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sented in Refs. 9-2. A review of the method and
description of recent improvements in the calculation
scheme are included in this paper.

Method of Calculation

The first step in the NLVLM calculation is to
divide the surfaces of the configuration to small
panels (quadrilateral or triangular) and to imbed in
each one of these panels the appropriate potential
singularities, which are the elementary solutions to
the Laplace equation, such as horseshoe line vortices
and source distributions. In the classical VLM the
trailing vortices are kept in the plane of the
lifting  surfaces, therefore, all the aerodynamic
coefficients vary linearly with angle of attack. In
the NLVLM the trailing vortices are allowed to detach
from the lifting surfaces into the free stream and
follow the streamlines into the rolled-up vortex
structure, For thick wings and for bodies the thick-
ness effects are accounted for by the superposition
of potential sources which are distributed on the
panel surfaces. In the cases of wings with rounded
leading edges and bodies of various shapes it is
required to determine, independently, the shape and
the position of the separation lines.

The strength of the vortices in each panel and
the induced flow field are then calculated by solving
the matrix equation using the procedures presented in
Refs. 7-12. The trailing vortices are allowed to
leave the lifting surfaces at all edges and on bodies
along specified separation lines. The free vortices
trajectories are calculated imposing a “cut-off"
distance parameter to join vortices as they approach
this limiting distance. The calculation procedure is
presented in the flow chart of Fig. 1. The calcu-
lation process requires a double iterative procedure
- an inner iteration and then the full iterative
cycle. The program was modified so as to insure
better criterion for convergence. The convergence is
insured by checking the deviations of the values of
the strength of all bound vortices in all panels (as
was already presented in Refs. 11 and 12 for slender
bodies) and also the convergence of the trajectories
of all free vortices at every point of the calculated
trajectorics. 'These severe convergence criterions
insure that after few iteration when these criterions
are fulfilled the pressure distributions and the
aerodynamic coefficients also are converged. The
details of the modified program will be presented in
a separate paper.

The Close Coupled Canard-Wing
Configurations

Experimental data on five wing-canard confi-
gurations are available and published in Refs. 12-19.
It is therefore possible to compare between the



results of the NLVLM calculations and these

experimental data.

Two of these configurations are the European
Test Models used for computer code verification -
Models A and B, shown in Fig. 2a and 2b. Details of
model A are given in Refs. 13 and 14 and the details
of model B in Refs. 15 and 16. The other three models
are the Technion models - the Cropped wing-canard,
the Wide canard and the Narrow canard shown in Figs.
3a, 3b and 3c, respectively. Details of the Cropped
wing-canard are given in Ref. 12 and those of the
Wide and Narrow canards in Refs. 17, 18 and 19.

The European Model A has a 60° triangular wing
and a 60° triangular canard -ie. both wing and
canard, AR=2.31. The canard span is 40% of the wing
span. Both are attached to a flat fuselage, where the
canard can be placed at various vertical and hori-
zontal positions in relation to the wing and the
canard can also be deflected as shown in Fig. 2a.

The European Model B, shown in Fig. 2b, has a
cropped delta wing, 65° swept leading edge and
AR=1.38. The canard has 60° sweep for the leading
edge and 35° swept back trailing edge with AR=1.65,
as seen in Fig. 2b, and the canard span is 44% of the
wing span. The position of the canard is just forward
of the wing as shown in the Fig. 2b.

The Technion Cropped Delta (CD) Model, shown in
Fig. 3a, is the model investigated in Ref 12, The
wing planform is a moderate AR cropped delta having a
triangular angle of 59° and AR-l 85, and a small
trailing edge sweep angle of 4.1°. The canard plan-
form is the same as that used in the Wide canard
model, with AR=2.9, and an area which is 18% of the
wing area. The position of the canard in relation to
the wing is also shown in Fig. 3a.

The Technion dee Canard (WC) Model, shown in
Fig. 3b, has also a 60° triangular wing (AR=2, 31) and
a canard which is a cropped delta with a 60° swept
leading edge and 35 swept back trailing edge
( AR-.Z 9). The Technion Narrow Canard (NC) Model has a
60° mangular wing (AR=2.31) and a canard which is
a 75° swept leading edge delta (AR=1), as shown in
Fig. 3c. These models are similar to those used in
the investigation presented in Ref. 17, except that
in the present tests the wing has sharp leading edges
and a flat upper surface. The canard can be placed at
various vertical and horizontal positions and also
can be deflected by the use of a series of spacers.

Results of the Calculations and the
Experimental Measurements

The NLVLM program, the flow chart of which is
presented in Fig. 1, enables the calculation of the

'The effects of the canard deflection angle

vortex trajectories and the bound vortices strength
(aerodynamic loads) in each panel of the wing and
each panel of the canard. It is then possible to cal-
culate the integrated aerodynamic forces and moments
as well as the pressure distributions over the wing
and the canard surfaces. It is also possible to draw
the trajectories of the shed vortices and to observe
graphically the rolling-up of the vortices and the
variations in the positions of these vortices, which
is an indication to the interaction between these
vortex systems.

As a first test, the variation of the aero-
dynamic coefficients as a function of the angle of
attack for the three main wing planforms: the 60°
delta - wing of model A, the wing of model B and the
cropped delta wing are presented in Figs. 4,5 and 6.
The results of the experimental measurements are pre-
sented with the results of the NLVLM calculations of
the aerodynamic coefficients, CL, CD and Cm as a

function of the angle of attack . The effect of the
wide canard on the cropped delta wing is also
indicated on Fig. 6.

The results for the wing-canard configurations
European Models A and B with canard deflection angle
8 = 0°, are presented in Figs. 7 and 8, respectively.

§ for
<

model A, including the comparison with the experi-
mental results are shown in Fig. 9. The corresponding
results for the Technion Models Wide Canard and
Narrow Canard at various horizontal canard positions
are shown in Figs. 10 and 11, respectively.

Since flow visualization techniques play an
important role in providing insight 1o these
intricate flow fields, it is interesting to compare
the calculated trajectories of the free vortices shed
from the canard and the wing with the experimental
visualization results. Top view of the oil ﬂow
pattern on Model A is shown in F;g 12a for o = 8.8°
and in Fig. 12b for o = 14.7° (from Ref. 13). The
calculated vortex trajectories for these cases are
superimposed on the visualization pictures in these
figures. The vortex trajectories measured by
schheren photography on the Narrow Canard Model at
o = 17° are presented in Fig. 13a - top view and in
Fig. 13b - side view (from Ref. 17). The calculated
vortex trajectories are superimposed on these figures
as well.

The variations of the lLift to drag ratio as a
function of the angle of attack, showing the effect
of canard deflections, for the Wide and Narrow
Canards Models are presented in Figs. 14 and 15,
respectively,

The pressure distributions for the Wide Canard
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and for Model B configurations with canard deflection
angle 80= 0°, are shown in Fig. 16 and in Fig. 17,

respectively. These figures include the measured
pressure distributions presented in Refs. 13 and 20.
The pressure distributions calculated by the NLVLM
program are also shown.

Discussion

The calculated aerodynamic coefficients for the
various . delta wings alone (canard off: configurations)
indicate very good agreement with the experimental
measurements as seen if Figs. 4, 5 and 6. The Uft
and induced drag coefficient are in very good agree-
ment for the wings of Model B (Fig. 5) and the
Cropped Delta model (Fig. 6) up to angles of attack
of close to 30°, while for the wing of Model A the
measured data is somewhat lower. This may be due to
the effect of the presence of the fuselage which
reduces the measured lift of the wing. There is also
reasonable agreement with the measured and calculated
pitching moments for both wings of Models A and B for
angles of attack of up to 15°with increasing
deviations as the angle of attack is further
increased.

The lift and the induced drag coefficients for
all five wing-canard configurations, presented in
Figs. 6 to 11, indicate very good agreement between
the measured data and the values calculated by the
NLVLM program for angles of attack up to o = 25°. The
agreement between the measurements and the NLVLM
calculations includes also the effect of canard
deflections, showing that this deflection has
negligible effect on the lift and induced drag
coefficients of the configurations, as seen in Fig. 9
for Model A and in Fig. 10 and 11 for the WC and NC
models, respectively. The calculations of the
pitching moments are in agreement with the experi-
mental data only at low angles of attack, up to 10°,
as seen in these figures. This large difference may
be due to the inability of the present NLVLM program
to simulate the correct vortex roll-up on the lifting
surfaces, as is demonstrated in the visualization
results (Figs. 12 and 13) and the pressure  distri-
butions (Figs. 16 and 17). It should be noted that
the differences between the measured and calculated
positions of the aerodynamic center, in percent of
the mean aerodynamic chord, are for these cases in
the range of 2% 1o 5%.

Both the experimental data and the NLVLM calcu-
lations indicate that the main effect of the canard
deflection is in its effect on the varation of the
pitching moment and therefore on the aerodynamic
trim. A most interesting effect is observed in the
variation of the lift to drag ratio, L/D, as a
function of the canard deflection angle at various
angles of attack, presented in Figs. 14 and 15 for

the WC and NC models, respectively. This effect is
exiremely dramatic at low angles of attack, between
2° 10 10° and is still has effects up to 15°, as seen
in  Figs. 14 and 15. These variations in the L/D
values can be very useful for the aerodynamic perfor-
mance of wing-canard configurations presented.

The oil flow visualization phm%graphs taken for
Model A at angles of attack of 8.8° (Fig. 12a) and
14.7° (Fig. 12b) arc used to examine the calculated
vortex trajectories by the NLVLM program. It can be
seen that at the low angle of attack, o = 8.8, the
vortex trajectories both on the canard and on the
wing follow reasonably well the oil flow pattern. In
this case we can expect also reasonable agreement
between the measured and calculated pitching moment
coefficient, as seen in Fig. 7. At o = 14.7° it is
seen that the calculated vortex trajectories indicate
that the rolling-up of the vortices on the canard and
on the wing is much slower than the actually measured
pattern of the oil flow, as seen in Fig. 12b. This
means that in the NLVLM calculations the pressures on
the forward part of the wing are high in comparison
with the experimental data and therefore the measured
and calculated pitching moments are different, as
seen in Fig. 7. Similar patterns are seen also on the
Narrow Canard model using shlieren visualization,
presented in Figs. 13a - top view and 13b - side
view.

The comparison between the measured and the cal-
culated pressure distributions on the Wide Canard and
on Model B configurations at moderate angles of
attack are shown in Figs 16 and 17, respectively. It
is clear that the present NLVLM program does not
simulate the correct vortex pattern on the wing and
therefore the computed pressure distributions are
distorted in comparison to the experimental
measurements,

Summary and Conclusions

The present study of various wing planforms and
wing-canard configurations and the comparison between
the aerodynamic characteristics evaluated by the
NLVLM program and the experimental measurements can
be used to examine the merit of the NLVLM as a
working program for aerodynamic design. The calcu-
lations of a complete wing-canard configuration
requires about 10 to 20 minutes on an IBM 3081 class
computer. This enables a relatively fast turn around
computing time in design calculations. This time can
be compared to reported Buler Code calculations
requiring hours of Cray class computers. It is seen
that the NLVLM program is capable to calculate within
engineering accuracy the lift and induced drag
coefficients of wing-canard configurations. Although
the fuselage was not included in the present studies,
it is possible to simulate a complete aircraft
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configuration by the NLVLM program. The calculations
of the pitching moment variations and the pressure
distributions are less accurate and further studies
are required to accelerate the volling-up of the
vortices over the lifting surfaces.

P
-
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Fig, 11. The Variation of the Aerodynamic Coefficients as a function of

¢ for the Technion Narrow Canard Model at 8c= -10°, 0°, +15°
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Fig. 12a. The Qil Flow Visualization on Model A at é{?}\v // , dg \ \ _ p | \.]

o = 8.8° and the Calculated Vortex Trajectorics )
Fig. 12b. The Oil Flow Visualization on Model A at
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Fig. 13a. Schlieren Photograph Visualization on the Narrow  Fig. 13b. Schlieren Photograph Visualization on the Narrow

Canard Model at o = 17° and the Calculated Canard Model at o = 17° and the Calculated

Vortex Trajectories by the NLVLM - Top View Vortex Trajectories by the NLVLM - Side View
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Fig. 14. The Lift/Drag Ratio Variation as a function of « Fig. 15. The Lift/Drag Ratio Variation as a function of o
for the Wide Canard Model for the Narrow Canard Model
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Fig. 16. The Pressure Distribution on the Wing of the Fig, 17. The pressure Distribution on the Wing of the
Wide Canard Model at o = 18° European Model B Configuration at o = 15°
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