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Load Distribution on Multielement
Deformed Airfoils with Gap Effects

J. M. Abernathy* and J. E. Burkhaltert
Auburn University, Auburn, Alabama

The aerodynamic loading for deformed wings with elevons in subsonic flow is considered. The solution
procedure falls into the potential flow category with appropriate restrictions. Lifting surface Kernel function
formulation is used in which the local pressure loading for both wing and elevon is determined simultaneously
and written as a summation equation. The solution procedure allows closed-form results to be obtained for the
elevon hinge moments. Cases under study inciude gaps between wing and elevon in addition to arbitrary wing-
elevon deformations. Fuselage effects and leading-edge suction are also used to apply results to a general con-
figuration. Results for all cases compare very well with experimental data. Experimental data taken in a low-
speed wind tunnel are presented for a cropped delta wing and rectangular elevon in which the wing-elevon gap

was the primary test variable.

Nomenclature

R =aspect ratio

b =wing span

B,, =wingloading coefficients

B, =elevon loading coefficients

c =local wing chord

¢ =mean aerodynamic chord of the configuration
(excluding gap length), reference length

Crp ~ =root chord of elevon

¢r,  =tipchord of elevon

cc, =section lift force/q.,

¢’c,, -=section pitching moment/q,

C,  =hinge moment coefficient

C, =lift coefficient

C,  =pitching moment coefficient about wing root chord
leading edge

c, =pressure coefficient (p—p_)/q.,

=integral of the chordwise term of the pressure

loading function, see Eq. (12)

L =lift force on the wing

M,  =freestream Mach number

g =freestream dynamic pressure

S =wing-elevon planform area (excluding gap area),
reference area

w =nondimensional perturbation velocity parallel to z
axis

x,y,z =Cartesian coordinates

a =angle of attack

8 =Mach flow parameter, V1 — M2

6 =elevon angle relative to wing (trailing edge down is
positive)

€ =gap width between wing trailing edge and elevon
leading edge

A =wing leading-edge sweep angle

6 =nondimensional spanwise variable

£ =nondimensional variables, see Eq. (2)

Suybscripts

E =clevon

H =hinge characteristics

HL =hinge line
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LE =leading edge

nm =points or constants associated with the wing
pq =points or constants associated with the elevon
T =total

TE =trailing edge
VLE =leading-edge vortex

w =wing
0 =denotes wing coordinate variables
oo = freestream conditions

Introduction

ESEARCH in theoretical aerodynamics in the past has

been dominated by attempts to obtain better, more exact
solutions to the basic equations which govern the flow over a
single lifting surface. In recent years, major efforts have been
put forth to model the flow over multielement airfoils and to
predict the resulting loads and moments. Most of the research
efforts concerning these multielement lifting surfaces have
been two-dimensional analyses, as typified by the early work
of Glauert!-? in 1924 and 1927 and more recently by the work
of Halsey.? However, the case of a wing/air gap/ control
surface combination has generally been neglected as pointed
out by Ashley,* who also expressed the need for such an
analysis.

Extension of analyses to include three-dimensional effects
or finite wings has generally employed vortex lattice for-
mulations or some form of constant pressure paneling such as
that of Woodward® or Lan.® The Lan approach has received
considerable attention of late since the leading-edge suction
terms and Kutta condition at the trailing edge are properly
accounted for in the analysis. DeJarnette” extended the
“‘strip’> approach of Lan to provide for a ‘‘continuous’’
loading in the spanwise direction. Aside from the Lan-
DelJarnette formulation, general vortex lattice approaches
suffer from traditional shortcomings such as large computer
storage and long run times, even on today’s high-speed
computers. Formulation of the problem using the Kernel
function approach in its usual form, typified by Cun-
ningham,® has generally been neglected but offers the
potential for increased accuracy, lower computer run times,
and less storage than does the vortex lattice approach. An
example of the potential for the Kernel function approach for
a two-dimensional airfoil with a gap is presented by Nissim
and Lottati® where comparisons are made with the vortex
lattice method and the method of Lan.®

Both the vortex lattice and Kernel function approaches have
enjoyed certain success but certainly the vortex lattice has
been more extensively used. There are certain problems
which, although amenable to vortex lattice solutions, are
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easily handled by Kernel function techniques, namely that of
wing irregularities such as twist, camber, and arbitrary
deformations. Certainly camber and twist have been ad-
dressed in previous efforts, but analyses of moderate ‘‘ar-
bitrary’’ deformation of a lifting surface have not been found
in the literature.

Wing-elevon configurations generally have been sealed gap
cases. However, White and Landahl'®!! have developed a
procedure for determining the load distribution when a gap
exists which requires the method of matched asymptotic
expansions. This theory has many restrictions, including
limitation to the two-dimensional case.

The present work is concerned with the wing-elevon
problem for configurations with moderate wing deformations
such as camber, twist, and general deformations due to high
wing loading while still retaining nonseparated flow
restrictions. Lifting surface theory is employed, with the
solution following the procedure established by Purvis!? and
Burkhalter and Purvis.!> The loading function over the
multiple lifting surface is defined, and the Kernel function is
then integrated over the surface. For this work, the gap
distances are considered to be small enough that vortex rollup
is assumed negligible.

Comparison is made with experimental data on several
general configurations. For the gap case, data were obtained
from low-speed wind-tunnel tests with gap distance as the
primary test variable. Data for several elevon deflection
angles and hinge line locations are shown for each con-
figuration at numerous angles of attack. Experimental data
are lacking for arbitrary wing deformations at subsonic
speeds, but comparisons are made with wings which have
moderate camber and twist.

Theoretical Analysis

Basic Equations of Lifting Surface Theory

The appropriate equations and solution procedure for the
Kernel function which is employed in this analysis are well
known!4!3 and the solution procedure is developed in detail in
Ref. 12.

Using the Prandtl-Glauert transformation to include
compressibility effects, the downwash at an arbitrary point
(x,») on alifting surface is

1 AC, (n,£)
= Zpr P
W(x.2.0) 87r5 Ss (y—yo)?

(x—xg)
V(x=x9)?+B82(y—~y,)?

x [1+ ]dxgdyo 1

where ¢ and 7 are dimensionless chordwise and spanwise
variables, respectively, defined as

X=X; () ¥
=, = 2
=) Yy @
The functional form of the pressure loading coefficient is
assumed as
N ] M . 1—¢
AC, (£m) =), Y. B,,sin(2m+1)6 g (3)
a0 () 2T ¢

where n=cosf, and N and M represent an arbitrary number of
chordwise and spanwise control points, respectively. It is
readily seen that this form produces the required leading-edge
square root singularity, satisfies the Kutta condition at the
trailing edge, and has slender wing behavior at the wing tips.
A discussion of the logic behind this assumed form of the
pressure loading is presented in Ref. 12.

Over a sufficiently small subpanel of the wing planform
(Fig. 1), AC,, is essentially constant and may be taken outside
the integral of Eq. (1) and the resulting expression may be
evaluated in closed form.!?
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Fig. 1 Wing geometry and aerodynamic forces.

The boundary condition imposed is the requirement of no
flow through the wing. As illustrated in Refs. 12 and 13, the
total downwash at any control point due to the entire wing is
found by summing the effect of each subpanel of the lifting
surface and therefore the boundary condition becomes

Y Y aw(xuy)) +sina(x,y,) =0 4)
S .

where (x;,y;) are the control points and are located according
to a cosine distribution.” Thus a set of linear equations for the
NXM unknown loading coefficients B,,, defined by com-
bining Eqs. (3) and (4), may now be solved simultaneously.

Loading Function for Wing/Gap/Elevon Configuration

When a control surface (elevon) is added to the wing, or
when a gap is introduced between the wing and elevon, the
loading distribution is, of course, changed. In the present
work, it is assumed that the elevon span is equal to the wing
span and the elevon hinge line is perpendicular to the wing
centerline. With these restrictions, the solution procedure for
the basic wing is parallel except for the loading function.

First, for the sealed-gap case with a deflected elevon, a two-
function formulation using Eq. (3) to describe the pressure
distribution is used. The nondimensional chordwise variable &
of Eq. (3) is redefined and considered separately for the wing
and elevon as

_ X—X1Eg )

£ = X=XrEy (V)
" Eo )

= , (5)
(V) +eg ()
This geometry is also shown in Fig. 1. With these definitions,
it is easily verified that the leading-edge singularity is satisfied
on both the wing and elevon and that the Kutta condition is
met at the elevon trailing edge. These singularities agree with
usual assumed loading functions with control surfaces as
pointed out by Landahl.!! At the wing trailing edge, the Kutta
condition is not satisfied nor is the usual logarithmic
singularity obtained, but rather a finite value is found. This
loading is used in lieu of the logarithmic form in order to
obtain a closed-form solution to the sectional lift integral.
Error due to this assumption is considered to be on the same
order as the assumption of an infinite loading, while the
advantages of a closed-form solution are considerable. :
When a gap exists between the wing and elevon, the loading
function over the wing and elevon is defined in order to create
the effect of two wings. The leading-edge singularity and
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Kutta condition must be satisfied on each surface. Equation
(3) produces this distribution by redefining the chordwise
variables illustrated in Fig. 1 as :

X=Xp, (V)
s = 6
e & 0) ©

X=X, (V)

tw ey (¥)
for the wing and elevon, respectively.

After the load distribution has been defined, the resulting
set of linear equations contains unknown coefficients for both
the wing and elevon. The summation is performed over the
entire surface of the wing and elevon; thus, for the control
points on the elevon, the boundary condition becomes

Y Y Aw(x.y)) +sinla(x,y,) +6(x,y;)1=0 @)
S

It should be noted that the loadings for the wing and elevon
are solved simultaneously; therefore, iteration of the in-
terference between the surfaces is eliminated. The pressure at
any point on the wing or elevon is given by Eq. (3), with the
appropriate definition of £, and £ ¢ and the appropriate value
of the B,,,, (wing or elevon).

Total Aerodynamic Forces and Moments

From the wing-elevon configuration shown in Fig. 1, the
total lift is given by integration of the pressure differential
over the wing and elevon. Using the definition for the pressure
coefficient, the lift produced by the wing and elevon is

b/2 XTE XT
qu"’S {S ACdeXW+S

£ AC, de}dy ®)
—b/2 XLEW XLEE

and the sectional lift coefficient may be defined as

ce(n) = S;TEW Ach (& W,n)CWTdEW
+ [ ac,, Gemendte ©)
where
Cwr = {Z:+ Cp z:g-csi:ed case (10)

Using Eq. (3) for the pressure distribution, the integration
or Eq. (9) may be performed as in Ref. 13 to give

Nw M
cc;(n) = E E mSiN@2m+1)6
Ne M
+ Y, Y I,B,sin(2g+1)8 an
p=0 g=0
where B,, represents the pressure loading coefficients

corresponding to the wing loading and B, the coefficients of
the elevon loading. Also, in Eq. (11), I, and I, represent the
integration of the chordwise pressure terms13 for the wing and

¢levon, respectively, as
TEg 1-¢
d ,1=S PN Edg. (12
Ew. 1, - £z £ £ (12)
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Similar manipulations lead to determination of the section
pitching moment coefficient as

Ny M
e (n) =Xpg, E E I.B,, sin(2m+1)6
n=0 m=0

M

+CWT E 2

n=0 m=0

na1Bamsin(2m+1)6

M

+X1Eg z; Eo pBrgsin(2g+1)0
p=0 g=

+eg E E I,,,B,.sin(2g+1)6 (13)

p=0 g=

where the first two terms are seen to be the moment due to the
wing, and the last two are the moment due to the elevon.

For the wing alone, the integration of Egs. (11) and (13) for
the total lift and moment is performed analytically in closed
form.12 However, because of the discontinuity resulting from
the addition of an elevon, these equations must be integrated
numerically when a gap exists or the elevon is deflected.

Elevon Hinge Moments

Elevon hinge moments are determined in a manner similar
to that of the wing pitching moments. For a straight elevon
leading edge with the hinge line located at the leading edge,
the total elevon hinge moment coefficient is

Cy=

1 |
2 14
e | ey (atn (14)

Considering both the wing and elevon contributions to the
total pitching moment separately, it is noted that the sectional
hinge moment coefficient, c?c,, , is given by the last term of
Eq. (13). Substituting this term into Eq. (14), the integration
may be evaluated in closed form!3 to obtain

2cp Ng
CHZ_ _El p11p+1
SgCp 4 p=0
Crp —Crp Ng M
e Y B, l,.,G, (15)
p=0 gq=0
where
w2
G,= SO $in26 sin(2q + 1)0do (16)

It is readily seen that the sectional lift of the elevon is the
second integral in Eq. (9) and the solution is given by the last
term of Eq. (11). The total lift may be obtained in closed form
by integrating the last term in Eq. (11) in the spanwise
direction resulting in

NE
T

C —
Le ™ 28, =

B, (17

where, in the loading coefficient B,,, only the ¢=0 term
appears.

Thus, using Eqgs. (15) and (17), the elevon hinge moment
about any hinge line location is obtained in closed form. The
restrictions for the analysis are that the hinge line be per-
pendicular to the wing root chord and that the elevon span
equals that of the wing.

Nonplanar Wings

To be precise, the nonplanar Kernel function should be
used in the computation of downwash velocity components
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for arbitrarily deformed wings. However, if the deformations
are not severe such that nonseparated (potential) flow
restrictions still apply, one may approximate the downwash
with the planar downwash Eq. (1), provided that the ap-
propriate induced velocity angles are included. With this
approximation, the induced velocity at a control point due to
a subpanel (see Fig. 1) of the wing or elevon may be written as

Aw(x,y;) =Aw(x;,y;) peos(a; —a,) (18)
where Aw(x,,y,), is the downwash computed for the planar

wing. The surface slope angles, o; and «,., are measured
relative to the x axis and defined by

o;=tan~! ((jf)
i x

o, =tan~! (95>
¢ ax

where dz/dx is the local slope of the deformed surface.

The function z(x,y) defines the variations and amplitudes
of camber, twist, and arbitrary wing deformation in the
chordwise and spanwise direction.

(19)

Xi

and

(20

e

Interference Effects

In the present analysis, fuselage perturbations and leading-
edge suction are also included. An infinite line doublet is used
to simulate fuselage interference effects on the wing and
elevon. To calculate the lift and moment of a fuselage in the
presence of a wing, an image wing inside the fuselage is
employed. Both of these principles are well known and the
theoretical development may be found in Ref. 16.

Leading-edge suction, which makes a significant con-
tribution to the lift of highly swept wings at large angles of
attack, has also been incorporated into the present theory.
Purvis!? has shown that, for an assumed pressure distribution
in the form of Eq. (3) and for an elliptic spanwise lift
distribution, a general, closed-form solution for the leading-
edge suction is

2
t, cos )(@) @1
R « cosA

where C L, represents the potential flow lift coefficient.
The mOment due to suction is given in Ref. 17 and for a
constant leading-edge sweep angle, the result is

Cryp= (CLp sine—

_08sISIf, ci, tanA
CMVLE = _(,;— [ Lp SIno — ;lRCOSOI:I (E) (22)

Since the current gap analysis assumes small gaps such that
there is no significant wing vortex rollup effect on the elevon,
interference effects will be confined to the fuselage doublet
terms and the nonlinear lift terms will be confined to leading-
edge suction.

Experimental Model and Tests

To verify gap effects and subsequent elevon loading, an
experimental model (Fig. 2) was fabricated and tested in a
low-speed wind tunnel.!® The baseline configuration consisted
of a thin, low-aspect-ratio, cropped delta wing with rec-
tangular elevons. These surfaces were symmetrical about both
the chord line and the fuselage centerline. The fuselage and
wing tips were designed to allow for a 2 in. translation in the
elevon mounting position, which could be used to vary the gap
distance and/or the elevon hinge line location. The model was
floor mounted to an external six-component pyramidal
balance.
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Fig.2 Experimental model details.
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Fig. 3 Theoretical comparison of results for a swept and tapered
wing.

The model was tested at a dynamic pressure of 8.9 cm of
water corresponding to a speed of approximately 38.4 m/s
and a Reynolds number of 2.49 x 106/m. Data were obtained
for an angle-of-attack range from —19 to +5 deg in 2 deg
increments. The negative range was used to minimize strut
interference effects on the elevons. Several elevon deflection
angles (0-20 deg), gap distances (0-75% cg), and hinge line
locations (0-50% c) were tested.

Results

Results for a wing of aspect ratio 2.828 (Warren 12 plan-
form) are compared with the theory of Lan® in Fig. 3. In
obtaining results using the present theory, the number of wing
subpanels of constant loading was 45x45 (chordwise by
spanwise) and the control point grid was 4x 4. In practice,
these numbers have proved to be sufficient for any con-
figuration analyzed thus far. The total CPU time required was
45 s on an IBM 3031 compared to 1 min for the method of
Lan on the Honeywell 635.5 Storage requirements for the
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Fig. 4 Leading-edge suction on a highly swept cropped delta wing
with fuselage.
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Fig. 5 Midspan chordwise loading with a deflected elevon.

present method are small on a large machine. The subpanel
size was then reduced so that total CPU time was reduced to
15 s with little change in accuracy, as indicated on the figure.

A comparison of theory and experiment for the wing-
fuselage portion of the model illustrated in Fig. 2 is presented
in Fig. 4. Both linear theory and leading-edge suction are
included. The importance of the nonlinearity introduced by
leading-edge suction in the high angle-of-attack region is
easily realized from this figure.

The theoretical pressure distribution for a finite wing with
deflected elevon is compared with experimental data!® in Fig.
5. From this figure it is seen that the assumed functional form
for the chordwise pressure distribution for the sealed-gap
case, although not the more correct logarithmatic form, is a
good model of the actual flow. Integration in the spanwise
direction to produce total lift and hinge moments also show
good agreement with experimental data.!®

Fig. 6 Aerodynamic coefficient slope variation (3/3c) with gap
distance.
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Fig. 7 Aerodynamic coefficient slope variation (3/36) with gap
distance.

The analysis developed for the general case of deformed
wings, elevons, gap, and fuselage is used to predict the lift,
pitching moment, and hinge moment slopes for the model
tested in the low-speed tunnel and is shown as a function of
gap distance in Figs. 6 and 7.

Certainly the most interesting trend with respect to the gap
is that, for all cases, hinge moments increase slightly as gap
distance increases. It is also noted from Figs. 6 and 7 that the
coefficient slope variations with angle of attack are essentially
independent of gap distance while variations with elevon
deflection angle are significantly influenced by gap distance.
Figure 8 illustrates the typical theoretical chordwise pressure
distribution over the wing and elevon for this configuration.
This figure confirms the predicted increase in the loading over
the elevon and shows the slight loading change with respect to
angle of attack. The form of the load distribution is in
agreement with the two-dimensional results obtained by
White and Landahl.1©
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Fig. 8 Gap effects on chordwise load distribution.
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Fig.9 Elevon hinge moments for several hinge line locations and gap
distances.

In Fig. 9, the hinge moments are presented for several hinge
line locations on the elevon. It is seen here that there is a
chordwise point, in this case between 15 and 20% of the
elevon mean aerodynamic chord, where hinge moments are
independent of gap distance. It is noted that this point does
not coincide with CH‘5 =0, which gives the elevon
aerodynamic center. This aspect could be significant in the
design of variable geometry wings where gap distances are
subject to change. Also, the minimum value of the hinge
moment, which corresponds to minimum control forces,
occurs for the sealed-gap case.

For large gaps, it was found experimentally (Figs. 10 and
11) that there is a considerable decrease in the total lift and
moment for an elevon deflection of — 20 deg. The decrease in
the forces becomes larger with increased gap distance.
However, elevon hinge moments do not reflect this trend,
suggesting that it may be created by the presence of the gap
rather than by flow separation over the elevon. Further ex-
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Fig. 10 Characteristics of the wing-fuselage-elevon model for
Xy /€ =0.016 and /¢ =0.004.

perimental tests will be necessary to fully study this
phenomenon.

Results for arbitrarily deformed airfoils are difficult to find
in the literature; therefore, perhaps the best basis for com-
parison is two-dimensional thin-airfoil theory. Figure 12
illustrates theoretical results for two arbitrary mean lines. The
present theory applied to two-dimensional configurations
shows good agreement with thin-airfoil theory.

For a finite wing, Fig. 13 compares theoretical predictions
with experimental data?® at a Mach number of 0.6 for a wing
that is both cambered (NACA a=1.0 mean camber line) and
twisted. It should be noted that the experimental model was
tapered and the maximum camber varied with the spanwise
coordinate. In the theoretical model, the mean camber line
was recalculated only at 20% intervals along the span. Also, a
linear spanwise distribution of twist was assumed, while there
was a slight variation from this experimentally. Nonetheless,
agreement of theory and experiment is very good.
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Fig. 11 Characteristics of the wing-fuselage-elevon mode! for
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Fig. 12 Results for arbitrary mean lines.
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Fig. 13 Characteristics of a cambered and twisted finite wing with
fuselage, M, =0.6.

Conclusions

A general theory that results in closed-form summation
solutions for some of the aerodynamic coefficients has been
developed by extending existing theories. Configurations
ranging from a basic wing to varying combinations of wings,
elevons, gap, and fuselage may be modeled as well as
moderate wing and/or elevon deformations. From the
preceding results, it is seen that the theory produces good
results in the inviscid flow regime. Since compressibility
effects are inciuded, reasonable agreement with experiment
up to large (subsonic) Mach numbers is obtained.

For the finite-gap case, the theory provides an excellent
means for obtaining early design characteristics in a short
time for small angles of attack and elevon deflections.
However, it has been shown that for large elevon deflections
there is a considerable decrease in total lift and moment
coefficients when a large gap was present. This appears to be a
viscous phenomenon and therefore cannot be modeled with
potential flow techniques. Vortex rollup, which must be
included for very large gaps, has also been neglected in the
present theory. Results for cambered, twisted, and deformed
wings may also be obtained ecasily with the present theory.
Good results are obtained as long as the flow does not
separate from the surface. No comparisons are made for
arbitrary deformations on both the wing and elevon because
of a lack of experimental data; however, the present theory
still applies and calculations for these configurations appear
encouraging.

Several advantages of the current method occur as a
consequence of the assumption of a constant AC, over a
small subpanel of the wing. The wing can be divided into
many subpanels, yet a relatively small matrix must be inverted
to obtain the load distribution. This assumption allows AC,
to be taken outside the downwash integral and yields a closed-
form solution to the equation. As a result, this method
requires considerably smaller computational times and
storage space than many methods, such as vortex lattice,
which usually require a matrix equivalent in size to the
number of wing subpanels.

The versatility illustrated by the theory suggests that further
extensions can be made, for example, to partial span flaps
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with lateral gaps and a hinge line that is swept with respect to
the centerline. Also, the theory has already been extended to
include wings with the curved leading and/or trailing edges.
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