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A New Procedure for the Solution of Lifting-Surface Problems

WinnIFrRED R. JacoBs* AND STavROs TsaroNAsT
Stevens Institute of Technology, Hoboken, N.J.

A new method for determining the steady and unsteady pressure distributions on lifting
surfaces is presented. The method employs a ‘“‘generalized lift-operator’® technique which is
found to be a more accurate, versatile, and rapid procedure (requiring less computer time)
for inverting the downwash integral equation than the presently used ‘‘mode-collocation”
method. The generalized lift-operator technique allows the chordwise integration to be
carried out analytically, thereby avoiding the difficulties in the presently used method. This
new approach has been applied to several two-dimensional, unsteady airfoil problems to
demonstrate compatibility with known explicit solutions. Numerical solutions for two rec-~
tangular foils of aspect ratio 1 and 2 are also presented. The values show good agreement

with experiment and fit in with known trends.

Introduction

HE solution of the integral equation for lifting surfaces

as it arises from the kernel-function approach has at-
tracted many investigators. However, even with the simpli-
fication gained by linearization and by assuming ideal fluid
conditions, explicit solutions of the unsteady lifting-surface
problem has been possible for only a few foil planforms, viz.,
the wing of infinite aspect ratio, the wing of vanishing aspect
ratio, and wings of circular and elliptical planform in incom-
pressible fluid.

Watkins et al.l2 have presented a method for approximate
solution of the surface integral equation for a finite span
wing of general planform in subsonic flow. The basis for
this method is the concept that the general character of the
lift distribution can be surmised from the few explicit solu-
tions of the lifting-surface problem. The unknown lift
distribution is replaced by a sum of modes selected on this
basis, each mode weighted by a constant coefficient to be
determined in the solution. Watkins selects the Birnbaum
modes to represent the chordwise lift distribution, because
that series manifests the proper leading-edge singularity and
fulfills the Kutta condition along the trailing edge. The
known downwash distribution is then expressed as the sum
of definite integrals with the unknown coefficients (of span-
wise lift) appearing as factors of the integrals. The integrals
are evaluated by a numerical scheme, and the unknown lift
coefficients are determined by simple collocation at a number
of control points.

At present, this is the commonly used approach to solution
of the downwash surface integral equation. It is labeled
“Mode Approach in Conjunction with the Collocation
Method.” Many numerical difficulties arise in this method
of solution, in particular with the numerical scheme used
for the chordwise integration, where extreme accuracy is re-
quired with proper accounting for the leading-edge singularity
and the oscillatory nature of the chordwise modes. The
step behavior of the kernel function near the high-order
singularity with finite “Hadamard” contribution must be
carefully determined.
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In the course of studies at Davidson Laboratory adapting
unsteady lifting-surface theory to marine propellers, a new
method has been developed for the solution of the downwash
integral equation.? By proper expansion of the kernel func-
tion and introduction of the so-called generalized lift opera-
tor, the chordwise integration is performed analytically,
and thus the numerical solution is greatly simplified. The
advantages gained by this new method are 1) the chordwise
integration is carried out analytically, thus eliminating the
problems described previously; 2) the behavior of the series
expansion in propeller theory (or integral representation in
hydrofoil theory, see Ref. 4) of the kernel is markedly im-
proved by the use of the generalized lift operator which intro-
duces an additional convergence factor; 3) the number of
loading modes required to obtain a given accuracy in the
solution over the entire chordlength is reduced; 4) as a con-
sequence of these advantages, the computer time required
to solve the downwash integral equation is reduced con-
siderably and subsequent use of the solution is facilitated.

In sum, the Davidson Laboratory studies indicate that the
generalized lift-operator approach, which is in fact dictated
by the nature of the integral equation itself, is a more accurate,
versatile, and rapid procedure than the usual numerical
approach for evaluating steady and unsteady pressure dis-
tributions on lifting surfaces, and the resultant hydrodynamic
forces. This technique has been used in Ref. 3 where the
lifting surfaces are the blades of a marine propeller operating
in nonuniform inflow, and in Ref. 4 for the case of a deeply
submerged, flat, rectangular hydrofoil in steady flow.

The purpose of the present paper is to use this generalized
lift-operator technique- in solving the downwash integral
equation for the case of a hydrofoil of finite aspect ratio and
general planform operating in a steady or unsteady flow-
field. The technique will also be applied to problems of un-
steady airfoil theory which have been solved explicitly, such
as the cases of an airfoil advancing with constant velocity
through a sinusoidal gust and of heaving and pitching foils.

Linearized Unsteady Lifting-Surface Theory
for Finite Foils

The surface integral equation relating the lift and down-
wash distributions on a finite foil (or control surface) fully
immersed in the flow of an incompressible ideal fluid, as
derived by means of the acceleration-potential method with
the usual linearizing assumptions (small perturbations, thin
surfaces), is well documented.m> The equation can be
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formally written as
Wyzt) = SSApEnSHK@yzEnsHdS (1)

where

Yzl _ Cartesian coordinates of control and loading points,
' respectively

¢ = time, sec

S = foil surface, ft?

w = downwash velocity distribution normal to foil sur-
face, fps

Ap = unknown loading on foil, lIb/ft? (pressure jump
across the lifting surface, i.e., Ap = p, — p_)

K = kernel function representing the velocity induced

on the control point (z,y,2) by an oscillatory load
of unit amplitude at (£,9,¢) of the foil, {t/1b sec

The foil and coordinate system are shown in Fig. 1. The
foil is of general planform but assumed negligible thickness
(zand ¢ — 0). It is seen that on the surface

z = a(y) — cly) cose £=o(n) — c(n) cost (2)
where

a(y), o(n) = distance from y axis to midchord line of foil
at a spanwise location of control point and
loading point, respectively

¢(y), ¢(n) = semichord of foil at corresponding spanwise
locations
0,0 = angular chordwise positions of control and

loading points, respectively

The kernel K is derived as

1 ‘ 22 P
K== 4rpUcq® [(z_h;?_,o (_ @) f—w R dr :I

®3)
where
R = [(r' — §2 + r1/
= (y—m+ -
k= weo/U reduced frequency
w = frequency
co = foil semichord on x axis, ft
U = forward velocity, fps, and all linear dimensions within
the brace are fractions of ¢
p = fluid density

The downwash distribution can be the normal components
of any imposed velocity. In the linearized theory, the prin-
ciple of superposition applies and all flow disturbances can be
treated separately; their effects are simply added.

The oscillatory velocity distribution normal to the foil
may be expressed as

Wiz,y,0;t) = Wizy,0)et

where o 1s angular frequency. It is easily seen that the
pressure on the foil must pulsate with the same angular fre-
quency, so that

Ap(£n,0;) = Ap(g,n,0)¢'
With these two substitutions, Eq. (1) becomes
I'V(x;y:o) = fsf Ap(éin)O)K(xly)o;sin}o;w)d‘s

and, finally, by using the trigonometric transformation (2),
Wiew0 = [ f aln0K(ey,0:0,1.05) sinddody (1)
. 7

with L(6,7,0) = c(n)Ap(6 7,0) in b/ft, and  a fraction of
Co.
Because of the complexity of the kernel function, a direct
solution of the integral is impossible and a numerical solution
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MID CHORD
ON FOIL X {y) =0 (y)-Cly) COS ¢

Fig. 1 Foil and coordinate system.

suitable to high-speed digital computers must be sought.
The commonly used method, the mode approach in con-
junction with the collocation method, is adequately described
in Refs. 1 and 2. The present paper uses the generalized
lift-operator technique that depends on the proper expansion
of the kernel function. As will be seen in the following sec-
tion, the separable form of the kernel dictates the form of the
lift operator.

The Separable Form of the Kernel and the
Generalized Lift Operator

In Eq. (3), the reciprocal of the Descartes distance B can
be expressed as

1 1 e .
e == (7’ =)
== f_wK0(|p.[r)e“ du )

where Ky(x) is the modified Bessel function of order zero.
Substitution of Eq. (5) in Eq. (3) yields

K——‘1—~[]'m (—-2 X
T dw?pUc? z_.l;»o 0z?

fzw ¢k (' —2) qrt f_mw Ko(|u|r)eint’ =8 dﬂ:l (6)

The 7/ integration involves
et +ma
k+ u

where 6( ) is the Dirac delta function. The u integral is
then

) . st (kb +wz
I, = f_m Ko(| u|r)ex [7"5(15 + w - %m]dﬁ =
Ko(|u|r)ets=—=9
k- u

which has an integrable Cauchy-type singularity. After

[, e drt = w3+ w) —

rKo(kr)eiHe — igik f - )
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the z derivatives and the limit are taken, with
%, /02 = (0%/0z%)1,./0r + (Or/0=z)2%,/or?

and
lim (—3%,/0z9) = —(1/r)(dL./0r)
(z—8)—>0
the kernel becomes
R S —ik@—8 _
K = 47 pUco?yo? I:kyOKI (yo)e

< f"" | 2]y (| lyo) @~ du ®
T J - k+ u
where 3o = |y — 7| and is a fraction of .

When y = 0, the terms within the brackets of Eq. (8)
reduce to

[ —ik(z—§) _ —f e u:l =
© ]{;—f—#

e=#@=9 [1 4 sgn(z — £)]

There is, therefore, a high-order singularity in the kernel
asy — nand x — £ > 0. In addition, the step behavior of
the kernel function as  — £— 0 == is obvious. In the steady-
state case, the kernel reduces to the well-known results

K- — 1 2 whenz — £> 0
T dwpUcs?ye? |0 whenz — £ <0
and, in the unsteady case, when x — £ — 0,
| —2/4mpUco?yo? forz — §— 0+
ReK“{O fore — £—0—
ImK =20 fore — £€— 0%

It can also be shown that Eq. (8) reduces to the known form
of kernel function as expressed in terms of modified Bessel
and Struve functions.

With the trigonometric transformation (2), the kernel
function becomes

K= — m [kyoKl(kyo)e—ik(m—-w)eikci cospg—ike; cos __
%' fjw |uiyoK1(|M|yo)e“‘zi;’ﬂ;e-w cospgiuc cosd du] ©
where
o = a(y)/co a5 = a(n)/co
¢ = c(y)/co ¢; = c(n)/co

It should be noted that, in Eqs. (8) and (9), the z or ¢
chordwise dependence of the kernel function (on the control
point) and the £ or # dependence (on the loading point) occur
in exponential form e=% ¢0s¢ and ¢® 0% and thus are sep-
arated from each other. The kernel is now in separable
“degenerate’” form, which not only facilitates the chordwise
loading (8) integration, as will be seen later, but also permits
use of the lift-operator technique.

The exponential, exp(=£1» cosp), can be expanded in terms
of either of the following orthogonal and complete sets of
functions, ®(m),

1, cose, cos2¢, . .., cos{ — Ve, . ..
0<o¢<m (a)
or
(1 — cose), (1 + 2 cose), cos2¢, ..., cos(M — Vg, ...

0< o< (b)
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in the form

eFreose = Jo(p) + 2 3 (=1 an(¥) cos2hg F
=1

20 i (=DM ar—1() cos(2\ — Do
A=1

where J,(v) are Bessel functions of the first kind.

The orthogonality property of ®(m) dictates operation on
both sides of integral equation (4) by either of the following
operators:

%fo" cosme]  lde m=012... (0
or
LA~ ol Jde  m=1
%for (1 4 2 cose){ }de m=2 (@
%fo’rcos(ﬁ~ Def lde > 2

The first operator of (d) is the known Glauert lift operator
introduced in steady airfoil theory. For this reason, the
second set of (d) has been chosen in the present study, as
an extension of the concept of lift operator, and, because of
its general form, it has been named generalized lift operator.

Note that the left-hand side of the integral equation (4)
can be expressed in a Fourier series expansion with complex
coefficients W(y) and angular dependence on ¢. After ap-
plication of the generalized lift operator ®(m) of (d), Eq. (4)
becomes

o) = 22 f co f L6 K™ sinfdqnds (10)
1

I 1 x
Ty = - [ em Wiy 0de

(11)
— 1 T
Km = p fo B(m)K(ey,0; 0, 7,0; w)de

and the supersecript 7 refers to the order of the lift operator.

The Pressure Loading Functions

In the numerical solution suggested by Watkins et al.*2 for
the integral equation, the unknown loading distribution is
expressed as a linear combination of preselected functions.
In the chordwise direction, the series of functions is taken
to be the Birnbaum distribution of two-dimensional theory
and in the spanwise direction the series from lifting-line
theory.

The Birnbaum distribution is also chosen here for the
chordwise distribution because it reproduces the proper lead-
ing-edge singularity (square-root singularity) and fulfills the
Kutta condition along the trailing edge. Landahl® has con-
firmed that this distribution has the correct edge behavior
for a wing with continuous downwash distribution over the
entire surface. However, in this paper the unknown span-
wise loading components are left to be determined in the
solution of the integral equation.

Thus, on introducing the Birnbaum modes,

LOa0) =+ [10men) + ¥ 1omee | a2)
=2
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where

L™ (y) = spanwise loading components
o) cot(8/2)
o) sin(a — 1)8, 2 > 1

It

I

the chordwise integration can be performed analytically
since, as was shown before, the 8 dependence of the kernel is
expressed in exponential form as e+ 0% [see Fiq. (9)]. After
the 8 integration, Eq. (10) is reduced to

Z W (y) = 72 72 cof L@ (mRmDdy  (13)
1 m=1pn=1 ki

m=

where the modified kernel is

- ]_ L4 T
R = — [ 7 0me(m) Kiew0i8,1,000) %

1

Slnﬂd@dq& = - m

l:kyOKl (kyo)e—ik(ﬁ"a,') X

00 (ke ) A (ke)) — — X
K

o tuloi—oi) JTm)(— e A (— .

¢l

L yoK (| mlyo) € TP (— ) A (— peYdu

-1 (14)
- k+u

and

[(Tn)(y) — % fOW (I)(ﬁl)eiycosqa de

AM () = ;1; for O(n)e ™ ¢ 5infdp

The latter are defined in Appendix A. For £ = 0 (the
steady-state condition),

Rk = 0) = 1 ()A® (0) —

- 4‘n‘pL’vCo2y02 [

ifm MJKl(ulyo)l("’)(~uci)A(m(—#cj)d#] (15)
"

big —®

The singular u integral exists in the sense of a Cauchy
principal value. Therefore, its finite contribution can be
easily determined. The integration is performed by any
numerical method such as Simpson’s.

Equation (13), to which the original surface integral equa-
tion has been reduced, is a set of line integral equations.
The number 7 of the integral equations must be equal to the
number 7 of unknown chordwise modes. The solution of
these @ = 7 line integral equations is obtained by the colloca-
tion method. If the wing is divided into J strips along the
span and the spanwise loading is considered constant over
each small strip, then the set of @ line integral equations is
converted into a system of m simultaneous algebraic equa-
tions

|

o max J i
W (y;) = 2 L (ks (y ) (16)
A=l j=1
where
m=123...,7 J=12,...,J
1=12...,J
iy

- B o
R (ymy) = f s K™ (y:,m)dn
ni—
and 28 = length of each spanwise strip.
Through the solution of Egs. (16), the spanwise loading
components LU (y;) are determined and the resultant spar-
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wise loading distribution follows from Eq. (12):
L) = [, D610 sindds = L) + 5 LOw) (1)

The integration of K™ over all elements of the foil span
except that which includes y = 7 is performed by any con-
venient numerical method. In the region where y, =
ly — n| — 0, the integral has a high-order singularity. Its
finite contribution is obtained by using a polynomial approxi-
mation of the modified Bessel function valid in a narrow
range about yo = 0 and a three-point Gaussian quadrature for
the immediately adjacent ranges.

Convergence of the Assumed Loading
Distribution

The evaluation in Ref. 3 of steady and time-dependent
loading distributions on the blades of marine propellers is
also based on the approximation of chordwise loading by the
Birnbaum distribution of the form

6 i .
L® cot — L® ginnf
The calculations there showed that with increasing number
of modes the coefficients L® remain of the same order of
magnitude (and also tend to a constant value ¢). Since the
high-frequency terms do not contribute to the spanwise
(integrated) loading distribution,

L{y) = LO@y) + 3LO()

this distribution converged after a few (three) terms of the
Birnbaum distribution were taken. However, the chordwise
loading distribution itself showed no sign of convergence
even after ten terms of the series were taken.

The cause of the slow convergence of the chordwise dis-
tribution is presumed to be the type of assumed chordwise
modes. The terms of the Birnbaum series are not linearly
independent, as claimed, because the presence of the cot(6/2)
term implies that the distribution to be approximated does
not belong to Ls (square integrable) on (0,7). There exists
a sine series which is summable in the Cesaro sensef (see
Ref. 3) to a cot(6/2) term, viz.,

. 1
sinaf = ) cot

M

(18)

N

1

3
Il

Therefore, in some sense cot(8/2) and sinnf are linearly de-
pendent, and it is not unreasonable to expect part of the
cot(6/2) contribution to be incorporated in the sine series.

It appears from the calculations of Ref. 3 that the coeffi-
cients of the sine series are of the form
LW = g5 + ¢ where an — 0 as n—> o
The assumed chordwise distribution can then be written ap-
proximately as

®

Lo cot% - 7;1 an sinfif + ¢ 3~ sinaf =

n=1

¢ 0 M o .
[L(‘” +- ?] cot~2— + > LW — ¢]sinng  (19)

n=1

since

lim [L™ —¢] = lima; = 0
B> >
This finite sum will converge rapidly. The drawback to
using Eq. (19), as it is, is that the constant ¢ must be deter-
mined, reasonably closely, by a series of calculations.
Since publication of Ref. 3, a procedure devised at Davidson
Laboratory and based on the concept of expression (19) has
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been built into the solution of the integral equation. This
method has secured rapid convergence of the chordwise
distribution with the use of a few (five) chordwise modes.
If the assumed distribution is rewritten as

Lo 4+ & t—e— -+ 3 [L® — ¢] sinaf —
5 | cot ﬁ§1

-] M
¢ (z sinif — >, sinﬁ&) (e)
= At

then, after the chordwise # and ¢ integrations and the 7-
integration of the kernel function over each strip, the right-
hand side of Eq. (16) is of the form, for each strip and ,

JOFG@0  jwfm) 4 4 () —
1 f; (7,0) 5~ £ (™)
C[-z-km’ -3k ] )

7=1
Here

1@ = LO 4 (¢/2) I = L[ — ¢

are directly determined by the solution and the last loading
component ¢ evaluated in the solution is omitted in the
chordwise distribution.

It is to be noted that the upper limit M of the # modes in
the last term of (f) must be greater than n for a solution to be
possible. A value of M > n + 1 is not inconsistent with
expression (e), since it has been assumed that [L™ — ¢]— 0
as 7 increases. Indeed this new procedure provides a simple
means of checking whether or not the loading coefficients
have reached a constant value. The value of M is taken as
high as is practical. If the loading components remain the
same with different values of n < M — 1, then it is safe to
say a constant value has been reached.

The kernel element

- 1 -, Mo
B o= — | = E®0 _ Z L (%)
2 e

can be evaluated simply, no matter what the value of 41 is.
The chordwise integration over 6 is done in one step as

i f [Leot? — 3~ sinnp | B sinodo (20)
Cor Jo L2 2 ﬁ;

Since, as was seen earlier, the 8 dependence of K is expressed

as e—ix cosO’

AOD(z) = O l:l coti - % sinﬁ@] sin fe % cost g
T JO 2 2 =1
1)
= — iA(u(x) + % A ()
2 7=
where

AD(z) = Jolz) — 1J.(x)
A@ () = [(=)*~2/2][Ta-2(2) + Jz(@)] >1

There will be cancellations of terms in the summation and
finally

A (@) = [~ (=DM 712} ya(z) — Wu@)]  (22)

The remaining components of the modified kernel function
K are independent of maximum % = M; therefore increasing
M does not involve additional calculation.

Application of the Generalized Lift-Operator
Technique to Two-Dimensional Nonstationary
Problems

It will be demonstrated in this section that use of the gen-
eralized lift-operator technique in conjunction with the
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Birnbaum chordwise modes yields the -same results as the
known analytical solutions of several two-dimensional non-
stationary airfoil problems for incompressible flow: 1) an
airfoil advancing at constant speed in a sinusoidal gust
[VogieC=2/D)], 2) an airfoil performing heaving oscillation
(—he™t), and 3) a foil performing rotational oscillation about
the midchord point (agze™).

The two-dimensional counterpart of the integral equation
(1) is obtained by distributing pressure dipoles uniformly

from 7 = — o ton = +«. Thisleads to
) 1
W@ee = [ LOK@E)dE (23)
where
1 . © 02
K(xyg;w - 47er {(z—hgl-)o j‘r,=—eo &‘2 X
fz—E e*lr—2+8) drdy ]
e P G — ) F - O

and all the linear dimensions are nondimensionalized with
respect to semichord ¢ = 1, and reduced frequency k is defined
as

k= w/U = /U

Reference 7 has shown that the kernel reduces to

1 1
_27er[_x—£+

the— k= —8

Kt =

ot 67“ dt:l (24)

—

If the Birnbaum modes are taken for the chordwise loading
L(£) and the lift operator is applied to both sides of Eq. (23),
this can be written, for each lift-operator mode #, in the form

W = 3 [ g mw (25)

n=1

where K@ is the modified kernel after the chordwise
integrations, i.e.,

1 fopn .
R = = fo fo B(m)0(n)K sinfdfde
and (26)

. 1 -
(m) = . 7
w - fO B(m)Wde

(compare preceding sections).
The 0 integration of the kernel is for

A= 1 }L fo” cot% SinbKdf =
1 1 /1 — g\
T f—l <1+£) Rt
A= 2 i—fo” sin%KdBE%f_ll (1 — &2 Kdt
27)
1 p= . . .
i =3 o fo sin26 sinfKdo =
—2 1
— —_ 2y1/2
= [ 0 - gy Ka
Lofr oo _
7 =4 ?fo sin36 sinfKdf =

L g - D0~ ey K
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ete. and the ¢ integration is for

m=1 L f7r (1 — cosp)Kde =
T 1]
1 1/2
—l—f (1 —{-x) Kdzx
T J-1\l —2
1 T
=2 x f (1 + 2 cosp)Kdep =
T JO
1 1 1 — 2z
L
_ 1 ™ 1 1 22— 1
n = 3 ; j:) COS2(pKdQD=;f_1 mde

etc. The values of K™ for m and # from 1 to 4 are ob-
tained in Appendix B of Ref. 8 and are presented in Table 1.

a. Airfoil in a Sinusoidal Gust
In this case, the incident velocity distribution is given by
W(x)ei“’t — Voei“’[t — (/)]
which, after application of the lift operator, becomes
W = VoI (k)

where I (k) is as defined in Appendix A. Therefore, for
each order of lift operator, Eq. (25) can be written as

Vol(ﬁ)(k) = Z L(Tl)]?(ﬁ,ﬁ) (28)

n=1

If only the first (Jat plate) Birnbaum mode and the first-
order (Glauert) lift operator are used, Eq. (28) becomes

VolJolk) — 4J3(k)] = LOKCD

and, with Ka.v taken from Table 1, the loading L is seen to
be

L = 2mp UVo{1/ik[Ko(tk) + Ki(ik)]} = 2mpUV,S(k)

where S(k) is the Sears function.
If maximum % and 7% are greater than 1, the equations to be

solved are
Valdolk) — (k)] = LORAD + LOROD +
Voldok), + 20J (k)] = LOK 2t 4+ LOK.0» 4 ||
Vol (k) = LORG@Y L [oRgm2) L
It can be shown that
LD = 2xpUVS(k)

(29)
L® =1® =, =L =
The total lift is then
L= ifw Lo cot-i -+ Zw: L% sin(n — 1)8 | X
T JO 2 =

singdf = LO 4 % 7o

(30)
L = 2wpUV,S(k)

Thus the lift obtained through the mathematical model that
uses the Birnbaum chordwise modes in conjunction with the
generalized lift operator is identical with Sears’ lift for an
airfoil in a sinusoidal gust. Furthermore, it is interesting to
note that only the flat plate mode contributes to the lift.
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Table 1 Values of IZ(E, n) for m and n from 1 to 4

K(m,n)(—2xpU)e

i )

1 1 AlJo(k) — 2J1(k)]

1 2 BlJo(k) — oJ1(k)] + (C/k)

1 3 ClJok) — iJu(k)] — (2i/k) + (4/k2)

1 4 DUJok) — iJ1(k)] + (3i/k) — (A2/k?) — (244/k%)
2 1 AlJo(k) 4+ 2¢J:(k)]

2 2 BlJo(k) + 24J:1(k)] + (Z/k)

2 3 ClJok) 4 24.(k)] + (44/k) + (4/k?)

2 4 DIJok) + 2alik)] + (Bi/k) +

(24/k2) — (244/k%)

3 1 A[—Jx(R)]

3 2 Bi{—Ja(k)]

3 3 Cl—Jak)]

3 4 D{—J(k)] + (3i/k)

4 1 A[—dJ5(k)]

4 2 B[—1J5(k)]

4 3 Cl—dJs(k)]

4 4 Di—a/s(k)]

@ A = —ik[Ko(ik) + Kilih)], B = Ki(ik), € = 2] — (2i/k) K1(k) + Ke(ib)],

D = 3{[1 — (8/kD] Ki(ik) — (4i/k)Ko(ih)}.

b. The Heaving Foil

For the case of a foil performing heaving oscillations —hetet,
the downwash distribution is given as
W = —iwhet
In this case, Eq. (25) becomes for each m
— kR U (0) = -21 LR
n=
where

1 for 2

_ 1,
I (0) = for 2

A\

)
i
When only the first modes are taken (m = 7 = 1)
—ikh U = LE.D
and
I — 27 pU(ikh)
th (Ko(tk) + Ki(@k) ] [Jo(k) — /1(k)]
= —2mp U%kh{Sk)/[Jok) — 2J.(k)]1}

Since Sk) = Ck)[Jolk) — /:(k)] + ¢J1(k) and Ck) =
Theodorsen function,

L = —2xpU%kh(C(k) + {iJ:(k)/[Jo(k) — 2J2(k)]})  (31)
This is not equal to Fung’s® result except for small & when
{o,(k)/ [T ok — iJ5(k) ]} — ik/2

Taking the first two modes yields the two simultaneous
equations

LOKQy L [FE2
LOWREeD . [

—ikhU
—tkhU

i

for which the solution is
LY = —2mpUhlK; (k) /—ik[Ko(k) + K,(k)] =

—2mpUhk [iC (k)]
(32)
L® = 27pU2hk?

and the total lift is
L =LY 4 [L®/2] = =2mpUhk[iC(k) — (k/2)] (33)

This is identical with the result of Fung. If maximum (@ =
7) > 3 the results can be shown to be the same as for the
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6 — THEORY

—==== LOW ASPECT RATIO THEORY (JONES)
VORTEX LATTICE METHOD (FALKNER)
5+ --@-~ PRESENT CALCULATIONS

EXPERIMENTAL POINTS

TR/2
250 hy

LIFT CURVE SLOPE, PER RADIAN
7]
1

o I S N N S IR B
o 0.4 0.8 1.2 1.6 20 2.4 2.8 3.2
MR, ASPECT RATIO

Fig.2 Comparison of experimental and theoretical values
of the lift-curve slope for untapered wings of 0° sweep
(steady state).

two-mode case with
L® =9 for >3
Thus the lift of a heaving foil is attributed to both first and
second chordwise modes.
c. The Pitching Foil

For a foil performing rotational oscillations of small
amplitude + aq z ¢t about the midchord point, the corre-
sponding downwash distribution is given as

W = 4 aU@ka + 1)eet
and the left-hand side of Eq. (25) becomes

rem = L fo " d(m) (U — aoUik cose)de =
™

aUT™ (0) — Uk H f, @@ COSsadso:l

where
1 . -3 form = 1
— fo ®(m) cospdg = {41 form = 2
. 0 for m > 2

Then Eq. (25) for the pitching foil becomes

U (1 + %) = Y, L@®RWLm m=1

n=1

U — ik) = Y, LORED mo=2 (34
=1

0= 2, LWRGw

n=1

08

02

o ] ! l | | | l J
o] 0.4 0.8 t.2 1.6 20 2.4 28 32

REDUCED FREQUENCY k=wc/U

Fig. 3 Ratio of unsteady to quasi-steady lift response of

rectangular foils to sinusoidal gust of unit amplitude

(solid curves taken from Ref. 13, circles are present cal-
culations).
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Fig.4 Spanwisedistribution of lift response of rectangular
foil of aspect ratio 2 to sinusoidal gust of unit amplitude.

Whenm =7 =1

- UL + (@k/2)]2mpU)
 tk[Ko(ik) + Kai(ik) 11o(k) — /x(k) ]

SrpUtes (1 + L;“)[cac) n

] (k) .
Tole) — il (k-)] (89)

which approaches Fung’s result only for small k.

When two modes are taken, it is easily shown that the
total lift again approaches Fung’s lift only for small &.
When three or more modes are taken, it can be shown that

L = 2raepU?{ [1 + (Gk/D1CKk) — (ik/2)}
L® = 27w aypU(2ik)
L® = 2rappU(k?/4)
L® =9 for
and the total lift 1s
L = 2rapU*{Ck)[1 + (k/2)] + (k/2)}  (36)

which is identical with Fung’s result for the case of a pitching
foil. In this case, three chordwise modes contribute to the
total lift.

>3

Numerical Results for Finite-Aspect-Ratio Foils

A computer program adapted to the CDC-3600 digital
computer has been devised for the numerical solution of the
surface integral equation. The program, which follows the
development described in preceding sections, has been tested
by application to the case of the lift response of two rec-
tangular foils, of aspect ratio 1 and 2, to a sinusoidal gust of
unit amplitude. The calculated results have been com-
pared with available experimental data and the results of
other theoretical methods.

Figure 2 is a comparison, such as that shown in Fig. A,
7t of Ref. 11, between experimental values of the lift-curve
slope (steady state) and the theoretical values obtained by
low-aspect-ratio theory,'* by Falkner’s vortex-lattice method
and by the present procedure. The experimental data for
rectangular foils were taken from Ref. 11. As is seen, the
results of the present lifting surface approach fall close to
the upper limits of the experimental range, whereas the re-
sults of the vortex-lattice method follow the lower limits of
the experimental data.

Figure 3 shows the ratio of gust-generated amplitudes of
unsteady to quasi-steady lift as functions of reduced fre-
quency and aspect ratio. The solid curves are taken from
the “unsteady-lift functions” evaluated by Drischler® for
rigid foils of aspect ratio 4, 6, and « in a sinusoidal gust in
the ease of incompressible flow. The circles on Fig. 3 are the
present caleulations for foils of aspect ratio 1, 2, and «.

The figures following present detailed results of the present
caleulations. TFigures 4a and 4b show the spanwise dis-
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tribution of the lift response for a foil of aspect ratio 2 (4t
span and 2-ft chord). Figure 4a depicts the magnitudes at
various frequencies and 4b the corresponding phases. TFig-
ures 5a and 5b show real and imaginary parts, respectively,
of the chordwise distribution at one spanwise location, for
various reduced frequencies.

Figures 6a—6d present the results for a foil of aspect ratio
1 (4-ft span and 4-ft chord). The plots in Figs. 6a-6d are
spanwise distributions at various chordwise positions, unlike
the integrated spanwise distributions shown in Figs. 4a and
4b. Each chart (Figs. 6a—6d) is for a different frequency &
and exhibits the magnitudes and corresponding phases.

Conclusion

A new method of inverting the integral equation for lifting
surfaces has been developed and applied to cases of foils of
finite aspect-ratio advancing at constant speed in a sinusoidal
gust. The method employs a generalized lift-operator tech-
nique which is found to be a more accurate, versatile, and
rapid procedure than the presently used ‘“mode-collocation”
approach. This new method has also been applied to prob-
lems of two-dimensional unsteady airfoil theory, such as a foil
advancing in a sinusoidal gust or undergoing prescribed
motions, demonstrating its capability of obtaining the known
explicit solutions. A computer program adapted to the CDC-
3600 digital computer has been devised, with capability of
determining the steady and unsteady pressure distributions
and corresponding hydrodynamic forces and moments on
lifting surfaces of arbitrary planform undergoing arbitrary
motion.
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Fig. 5 Chordwise distribution of lift response of rectan-
gular foil of aspect ratio 2 to sinusoidal gust of unit am-
plitude at ¥/l = +0.125,
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Appendix A: Values of I™(») and A”(») for
Various m, n

m 1 - =iy cos
106) = — |7 a(myreore do

IOG) = %foﬂ (1 — cosg)e’? %% dop =
Jo¥) — 1)
I®y) = % fo” (1 + 2 cose)eir cose dp = (A1)
Jolw) + 2011(v)

I () = —11: fow cos( — 1)p e %0 do for m > 2
= = DJ5_1()
APGy = L .7 0me=ir o sinddp
¥ 0

AD@) = 1 fr cotﬁ sinf e~ cosf gg =
T JO 2
Jov) — W1(v); (A2)
A@ () = 1 fO’r sin(i — 1) sinf e~ 0¥ 4§ =
ks

(—9)@-2
2

The values for (—») are the complex conjugates of the fore-
going expressions for ().

Wa—20) + Jz0)] > 1
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