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Incompressible flow is governed by the veorticity-transport-

eguation, in whichk the viscous term goes to zero in the limi-
ting case of very large Reynolds number. For aerodynamic confi-
gurations this particular case allows a physically meaningful
solution by an infinitely thin boundary laver. The laver forms
a2 two-dimensional domain of nonzero vorticity, in which panel
methods are applied. The vector ccmponents vary linearly in both
coordinates of each surface element and thus lead to a continu-
ous two-dimensional vorticity fielad.
The methed, in general, follows the ideas of PRAGER {1{ and
MARTENSEN |2}, where thickness and 1ift are exclusively produced
by vorticity. The final solution is achieved by fulfilling the
boundary condition, which Treguires zero relative velocity inside
the moving Ltecdy or wing. This turns out to be an intrinsic mea-
sure for the accuracy of a soluticn. Though the method is prima-
rily designed to calculate unsteady airloads on rotor tlades,
firstly well  known two-dimensional solutions of steady and un-
steady cases are ccmparad to three-dimensional computations for
large aspect ratios.

1. Introduction

The conservation laws for mass and momentum of a fluid
under isentropic con&it'ogs yield a system of dif;erential egqua-
tions for the velocity v (r,t) and the pressure p(r,t):

1 dp _ Lo
2 dt T -plp)-divy (1)
8
da - n I
vo_ n .
p(p a;—-—gﬁdp4-nAv-+(C+ S)gﬂddwv . )

The density p(p) is a unique function of p and cém {dp/dp)g the
lecal speed of sound; 1 and £ imply viscous effsacts. Equaticons
{1) and ({2) describe the behaviour of small disturkances in a
compressible, viscous fluid. 5

4 fundamental property of any vector field v is that it may be
decomposed (under certain wWweak cconstraints) into the gradient of
a scalar, potential & , the curl of a divergence free vector po-
tential A and constant Vo, , where 7 has to converge uniformly

against V¥, at infinity (e.g. 131, p.97):

-+ - Y Y
v==v®-gad®4-mﬁA , divA = 0 . (3)
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Since the £luid is assumgd to be at rest for sufficiently large
distances from the body, v, is identically zero in the following
treatment. The +two classical approximations of {1 and {2) in
aerodynamics coincide with the mathematical simplification, to
use either & or & for a description of the velocity field. This
is compressitle, inviscid flcw, on the one hand, and incompres-
sible,kvi_scous'+ flow, on the other hand. Introducing curl and
divergence of v: ‘

-+ -+
6 = divvy , = rotv : (%)

[
equation (3]+results into two Polsson eguatiocns for the "source!
terms 6 and J:

-+ -
J

-8 = A® , -j= AA . i {3)

{(4.2) implies div ? = 0, which 1is the differential formulation
cf the conservation law for vorticity. Vanishing viscosity al-
lows a first integral of {2} called Bernoulli's eguation:

P {
ot dd 122 |
plpy | d T 2 - (6)

P

Cifferentiating both =sides with respect to time gives the well
known equatiocn fcr compressible flow:

1 d [d® 1 22 .
;—z'a —cﬁ-*}--i‘v]-A@—O . [ _ {7}
8

Infinite speed of'scund 1is equivalent toc zero divergence § .Thus,
computing the curl of (2} for this case leads to the vorticity-
transrort-equation:

-

3 - -+ :

%J{=j-grad\?+VAj U‘='l . {8}
Po

Equations (7)) and (8) are highly nonlinear, and there¢ exist no
soluticns cbtained without further drastic approximations. The
substantial derivative dys3dt plays a major role in these egua-
tions. Tt discribes the variaticn cof an infinitely small fluid
element with respect to time: '

) -+
at 5t T Vpep BFR4 . )

?m] is the relative velocity field of the particles in a fluid
yith respect to an arbitrarily acceleratsd coordinate systen.
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We assume that the aerodynamic configuration considered here is
a rigid body, which performs pure kinematic motion withcut in-
ternal vibrations. The motion of +the fluid as it is seen by an
observer at rest arises only frcem the bodies displacement and
goes to zero for sufficiently large distances from the body. In
this space fixed cocrdinate systemﬂthe relative velocity would
te equal to the "induced" velocity v.

The coordinate system adaptad here is a body flxad one and Vrel
also contains the apparent kinematic motion Vkul of the fluid:

(c,t) . | (10)

t

- - > -+
v e}.(r’t) - V(r,t) - Vkln

?khlconsists of two parts:; the translatory motion of the origin
and the rotational part of the spinning or oscillating axes.

The VTE (8) describes the process of transporticm and dif-
fusion of vorticity in a f£luid. Vorticity arises from the boun-
dary condition for viscous fluids, which requires zero relative
velocity on the surface S of a moving body:

i
:

(r,t) = 0 VI©eEs . | {11y

i

-
v
rel

An extensive discussion concerning the creation of vorticity is
given by LIGHTHILL {4). Therefore, approximations tc the basic
equations may ke wmade principally in three different ways; by
arproximating

d 2 i -
= the transport mechanism s - §gradv (12. 1)
- ' —.’
= the diffusion term vV Aj . {12.2)
= the boundary condition Eq. (11) . (12.3)

All three types of approximation are frequently used in combina-
tion. We start with a discussion of equation (12.1). It should
ke mentioned, that the differential egquation for the relative
pos;tlon vector 6T between two neighhouring particles in a filuid
is identically the same equaticn. It reads:

d + o -+ :
a-fﬁr = 6r . gradv {13)

and its wmeaning is obvious. Eguation (12.1) set to =zero and
the meaning of (13) transferred to vorticity givss an immediate
clues as to hew vorticity is preserved. The vorticity, once load-
ed on an infinitely small fluid element, remains there unaltered
exCept that its direction points always to one, and to "the sane
neightouring particle to which it rpeinted at the beginning of
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the motion or loading. It thereby chanqes its orientation with
respect to space. Taking the term V- Aj into account means that
vorticity is spread out around the original fluid element, but
does not hecome lost. If the body considered now moves with a
high average velccity u_ , ©.9. in negative x-direction:

= 0 + small time-dependent terms (14)
and L is a typical length of the body, then the BReyvynolds number

5
u_ -L i
Re = ! (15)

is alse very high.Vorticity is washed down ranidly and diffusion
takes place far away from the body where vorticity has been
created. The term 1/Rex Aj may be omitted under these c¢circum-
stances, since it has no influence on the velocity arcund the
tody. In the limiting case of very high Reynolds number, the VTE
remains as:

- j-gradg =0 . (16)

This, of course, does by no means indicate that there is no vis-
cosity, rather it is confined to an infinitely thin bceundary
layer.

The next simplification affects the change of crientation
with respect to space. The term J*qrad? produces this effect.Tor
sufficiently thin and suitably formsd (streamlined) obstacles,
the destortion of the wake produces c¢nly negligible effacts
and the Jinteraction of vorticity on itself plays a minor role.
In certain cases, hovwever,theszs effects may become important and
Eg. {16} may have to be completely solved; nevertheless, the term
will ke owmitted here. At this state of approximation, equation
(8) has considerably grown thinner and reads:

-+
:tl o . (17)

If we now assumne that the induced velocity is small compared to
the klnnmatlc velocity, and we neglect the small time-dependent

terms of Vrel' then the differential equation finely rteads:

(%+ ooE?X);=O (18}

and has the general solution:

T 2
J(rst) = j(uwt - X:y,Z) (19)

This is the most simple description of a wake which is possible.

16-4



3. Boundary_Conditions_and Integral Egquation

For simplicity, we will £frcm now on consider the moving
body to be a cylindrical surface S (airfoil), constituted by:

g = {;’(s,y)ls € [-1,+1], y € [0, A]} s x =sign(s).s E (20)

where a negative sign of s describes the lower side of the air-
fcil and A is the aspect ratio. The infinitely thin bcundary
layer B for homogensous onset flow <coincides with S and, in
addition, contains the wake domain (Fig. 1):

B={?$Jﬂs€(—mfum,y€[mAﬂ . (21)

If the airfoil was set dinto motion a finite time ago, then the
anterval for s is also finite. Since B is uniquely defined by
Ir{s,y), there exists in4eacg point p € B a tangent space with
an orthonormal hasis {ts, ty , ni, where

-1

-5
or

98

-1

E]

_’
or

oy

-5
+» _ aor

-
> or . ar
¥ oy

- —+
= X n=t%t Xt . (22)
s as

* S y

The vortiéity vactor ? is nonzero only on B and may be written:
7 . ? . 2
jlr,t) = j (s,7,0)-t (s,7) + Jy(S,Yat)'ty(S:Y) . (23)

This is the simplificaticn of ©prescribed wake geometry. Due to
equation (5.2), 7 induces a velocity field:

CEEE N AEAENIOEE
!

(24)
1 - 1 -+ -+
A, ERRvE v = 1 f. s ]
‘]y grad(r) ty}dB * Z{JSty JSts
where the variables referred to by a prime are inteqrated.
N _|B-Ir} v ieB .-
r:=|r -, B = . . (25}
B vV rgdB

The second term of the sum (2%) makes sense only for ? € B and
vanishes elsewhere. Plus and minus signs give the velccity on B,
if r approaches a point ¢on B along the positive or negative nor-
mal direction in p. The boundary condition (11) reguires zero
relative velccity on the surface, as well as 1inside the moving
body. With respect to B, this is also the interior of B.
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For any point p € S the equation

-1 (—vt_-»i—»t) - (_'t)
Vrel r, ) = v (I'_, s vkin r, [26)
helds with the ccndition:
- . i
= . ; 27
Vrel(r’t) 0 (27}
This is explicitly:
-3 - s _ 0 f
Vrel' tS - 3 ] (27.1)
-+ - -+ ;
. = {27.2)
Vrel ty 0 2 ‘
i
G- 5 (27.3)
v s = 0 . :
rel

If equations (27.1%1-.3) ara fulfilled cn B, then anmalytical con-
tinuation leads to {27) for the whele interior of S. Pecause Eg.
(24) contains no discontinuity din normal direction, it also
leads to the equation:

- +
v
rel

‘n o= D . } (28)

The last equation is eguivalent to (27.1-.2}. Both formulations
may be used to calculate the vorticity. They lead tc fredhelnm
integral eguaticns of first or second kind. A more detailed dis-
cussion of the mathematical questions is given by KRESS (5|. TPa-
king Eq. {28), for <convenience Sake, leads to the formulation
which is explicitly solved:

1 T o N S A 1y .7 ] +

— . . —_ . . — ¥ 41! I = .

= ff{;s nev(2) x4 -5 v(z) £ B = RV 2
B [29)

The domains of B and S have already keen given in (20) and (21).
It should be noted, that S is a subset of B. This reflscts the
fact that the to%tal vorticity is known as soon as it has left
the aerea S of production, i.e., the trailing edge in the ap-
proximation censidered. This procedure aveids the splitting into
fr2e and tcund vorticity. 5

The two components jg and ﬁy are not independent, because 9§ has
to obey the conservation law div T =0.

jlr,t) = gradc(f,t) x n(7,1) (30



satisfies div §’= 0 by definition of 3. 0(?,t) is a scalar func-
tion definded on B and has to be at least twice differentiable,
where the second derivative remains continuous in the whole do-
main B. The reader, who is familiar with scalar potential formu-
lations, should note, that these relations have not been expli-
citly taken into account until now. Besides having to fulfill
this Lasic requirement, J has to fulfill an additional c¢onditi-
on, which sometimes arises from the improper description of the
profiles contour, or from the thin plate approximation. B is not
completely c¢losed, rather it has its o¢wn boundary 8B. The con-
dition is, that +the component of ? perpendicular to the boun-
dary 8B has to vanish on the boundary. Otherwise there would be
sinks and sources of vorticity alcng 9B and this, of course, is
in conflict with the assumption that vortigity arises only from
the integral egquation as "generator". Let N be +%he inward unit
normal of OB, thenm the additional condition reads:

-+ - :
J(@t)N(Et) =0 VYresB . | (31)

If B is closed, Eg. (31) becomes superfluous, since there is not
any lcnger a toundary 0B present.

An important part of the integral eguation is the wake domaidin,
which egquaticn (19) coarsely discribes. Together with the ansatz
fcr ] this equation gives:

- - _
i(s,y,t) = jlu_t-s,7y) = G(umt -5y . (32)

@
oy @
[ &

[aF]

S

We assume now }aqain as the most simple case) steady flow with
respect to the moving airfoll or a harmonic variaticn of 7 due
to an oscillation of the wing, which has not to te defined here:

? 2 i(wt-k
ils,y,t) = jyly)e @ S)= ko= Ew“‘ (33)
0
{33) ccmpared to ({32) gives for ?b(y):
9 _
Y
ik

The limiting case k => 0 leads to jy= 0 and is in agreement with
the well known fact that for the sgeady case the vorticity per-
pendicular to the onset flcw vanishes 1in the wake, in which the
parallel component depends only on v.
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This, however, must not lead to the conclusion that j¢ vanishes
necessarily for any steady case. The steady sclution of (18) on-
ly requires:

o Js(s,y)
gs

1]
[

. | (35)
jy(s,y) {

Whereas the first equation is fulfilled by ﬁs(y) independent of
e, the second equation is a boundary condition for jy in the
steady case at the trailing edge. It may be satisfied by ﬁy = 0,
as is done in the +thin plate approximation. The second possibi-
lity is to consider this equation as supplementary condition for
the vorticity washed down f£f£rom upper and lower side. This pro-
cedure 1leads to an excellent agreement between three-dimen-
sional computions for large aspect ratios and the analytic so-
Jution of Jukowsky-profiles. Furthermore, the stagnation point
at the trailing =dge, due to the condition iy = 0, is avoided.
The stagnation point occurs in two-dimensional analytical so-
lutions except in +the Jukowsky-rrofile, which has a vanishing
first derivative at the rear end of +he contour. The occurence
c¢f such a stagnaticn point is equivalent to zero relative velo-
city. It may ke avoided also in the thecry of confermal mapping
as KRAEMER |91 has shown by applying a condition, which forces
the pressure to he ccnstant at the trailing edge.

BEased on the approximations given above there is no mathematical
reason to have a stagnation point in three dimensions. It seems
that this is also in agreement with the physical model. The vor-
ticity sheet approximates the boundary layer. The relative velo-
city outside this layer should have a well defined valus at the
trailing edge, which is far from being zero.

Furthermore, these velocities should slightly differ for
ncnzero angles of attack. Mathematically this effect leads
to a tangential discontinuity between the relative velocities of
the particles coming from upper and lower side of the airfoil.
In additicn, these particles transport different amounts of vor-
ticity due to their different history along the profile. In re-
ality, this tangential discontinuity is completely unstable and
results in a more or less extended domain of turbulent fluid,
i.e., the wake in second order approximation, which exceeds the
guite simple form of (19).

To solve the integral equation (29),the dcmain B is divided into
small surface elements (panels):; the downwash of upper and low-
er side is formed by half infinite strips (Fig. 2). If we denote
the number of elements in s-~direction ty m, m=1(1)M, and in vy-
direction by =n, n=1(1)¥, then the function ¢ in each element
{m,n) is a fourth order function with respect to the local panel
ccordinates § and 1 :

3 3 '
O‘m’n(g,n) = Z Z g“(‘s") gv(n) S;.W(m’ m)-einE . {36}
u=1l y=1
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Where:

(51,7 = (-1,0)
s-8 y-Y, 71 1 .
g= ——2 , p= —m— ;... ete. <137

s -s y -y
m+l “m n+l “n (s )= (1,A) ‘
M+1 TN+1 ’ |
The functions ql,l=1(1)3, are defined as:
gl: z — 2'(1-2)-(%-—2) s {38.1)
g 2 -+ 4.z-{(1-32) s L {38.2)
] |

g3 % -3 Z-Z'(z-—i) . (38.3)

When defined in that way, they give for € and ¢ egqual 0.0, 0.5
or 1 just the values 5;, for G{E n, as shown in Fig. 3a and 3b.
The guadratic varlatlon of ¢ in Loth coordinates of each panel
garantees at lesast a linear variation of 1 in both directions.
Continuity of ¢ is easily achieved Dby overlapping the values of
¢ at the torderlines of each pamnel. The most labourious part is
the continuity of § in both coerdinatss [(s,y) on the domain- B.
The corresponding egquations are omitted here because they would
occupy too much space. The final result is a continuous vector
function 3(s,y) on B, in +the sense that 7 varies linearly -in
each element with respect to s and y. Its value agrees with
the values of 7 in the neighbouring panels. The second order
terms, which mutually occur in Jjg and jy ty definition of ¢, are
left as they are. They are indeed very tmall compared to the li-
near terms in all eaxamples calculated. Continuity of ¢ and ? to-
gether with the boundary conditions for i, as they have been
discussed, lead to the final result that the integral-eqguation
(29) forms a system of linear equations for the unknown central
coefficients Sso(m,n). BRLl coefficients Suy (k,1}) with u¥ ¥ depend
on all central coefficients Sgs(m,n). Thelr contribution to the
integral squation has to be calculated with respect to each co-
efficient 592 (m,n) .

For the vorticity vector 1 we have in each element:

B . 3 i ]
g Z g (£) &, (S (m,n)
R Yn+1" 90 p=1l y= H v atd it
Jm,n(s’y’ t) ) 3 3 " e (39)
-1
— g (&) g, (n) S (m,n)
"m+1" "m pT1 =1 “ i
— .

where the components are given in each panel with respect to the
tangent spacs intrcoduced i1n equatlicn {(22). The dot means the
first derivative of g; in equation (38) with respect to the qi-
ven argument &£ or 7 -
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Fquation {34) now reads for one half-infinite strip:

1 . !
Yn+1"n yg:l gv(n) SM}(K, » |
7 (5.7.1) = i(wt-ks) |
do,n'%: 7 3 "€ |
|
ik - > M) S. {x, {40)
y=1

upper side: A =M, A=3 ;

lower side: ®x =1, a=1 .

If the integral-eguagion is solved for a given contour gfs,Y)
and kinematic mction Viyn (S,7,t), equations (39) and (40) nay be
used to evaluate the resulting relative velocity field v,e] in
the exterior of B, on B and inside, where its deviation from
zero is an intrinsic measure for the accuracy of the solution.
Cne can easily show that on B the relative velocity field is gi-
ven by:

-» - I
r,t) = ity - it (41)

The 1ntegral {24) has to be ovaluated outside and inside of B
for a given field point r, and anﬂr t) subtracted according to
equaticn (26}).

The calculaticn of gpressure, usually a most complicated venture
for viscous fluids, may approximately be done by equation (6) in
the limiting case o0f large Reynolds nunmbter. Comktined with (24)
we have cn S:

r

,+.

1 1 4+ dd"
;;—f SIGHRS =
CO

If we subtract these two eguaticns, the terms (?E -?? Y cancel

each other and (42) remains as:

-510— dp' = %(qﬁ- ) . (43)

p

The relation (30) permits an interpretation which has not yet
teen mentioned. Ampere's theorem (e.qg. {3], p. 54) states, that
the function O may be understood also as douklet distribution
of a scalar potential functicn @, for which holds o=&"-&",
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Since p = Peo - the pressure coefficient is given by:

+
" Py 9

2 18 . . B
= uz {at + ] -] ay}cl'(s:,y,t) .
o

P
270 "o

The thin plate approximation yields the pressure difference bet-
ween the upper and lower sides in the same way:

- + |
P -p 2 do_ 2 . 3 J
S D T“'T[”‘”*%o ax]" . (45)-
§_pbt%n Yo "o

The pressure coefficient for the steady case is given by:

-+ 2 [

7
e =1 - rel ) (56)
P o

QO

This method is applied to Jukowsky-profiles of 12% thickness and
at different angles of attack. The steady flow around a circular
cylinder is ccmputed; as the boundary condition, the potential
flow condition jv = 0 is taken. The r7rTesults are in excellent
agreement with tge analytical soclution. This substantiates the
conjecture, that both boundarvy conditions for ? have their cwn
importance. :
Thin plate approximation is evaluated for steady and unsteady
case and compared to analytical soluticns for large aspect ra-
tios. The formulas for the analytical solutions may be found
€.g. in FOERSCHING {5} and SCHLICHTIHG & TRUCKENRBERODT 17].

The necessary explanations may be found on the following pagas.

. Concluding Remarks

The method presented here is primarily designed to calcu-
late the unsteady airloads of thrée-dimensional rotary wings in
incempressipble flow, The main objective of this paper has been
to make the reader familiar with some basic considerations and
properties of the approach. Therefore, applications are made to
classical c¢cnfigurations, which allow comparisons to other me-
thods and perrit calculations of numerical errors. These classi-
cal soclutions have heen achieved by approximating step by step
the VTE, which, even in the limiting case of very high Revnolds
number, 1s a highly nonlinear integro~-differential eguaticn.
This equation remains to be solvaed if the assumed approximaticns
are no longer valid. In this case, the solution for the limiting
cases considerad here may be used as initial values for the ite-
ratien procedure.

To obtain a linear integral eqguation, the influence cf vortici-
ty on itself and the resulting relative velocities have to be
cmitted in the equation. One must keep this fact in mind, if cne
is talking about "exact" two-dimensional solutions for incom~
pressikle flow. The VIE seams to be the much more selfexplaining
eguation «comparesd to the potential eguation (7} for infinite
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sp2ed of sound. The duality ¢f both formulations 1s very
thoroughly discussed by MAERTENSEN |8].

It is an important feature of the prensented approach, that the
calculation of relative velocity for any solution inside the mo-
ving body or wing represents an intrinsic measure of accuracy at
arbitrary points of the body. This property is noc 1longer appli-
cable when so-called source distributions are employed to pro-
duce thickness effects. For comparison of experimental data and
and theoretical ccmputations, it is worthwile to know, wether
deviations between theoretical predictions and experimental re-
sults arise from inevitable numerical errors or are due to phy-
sical simplifications in the mathematical eguations, which sup-
Fress cgertain properties of the real flcw.

There is no doubt that incompressible flow 1is a very poor de-
scription of the fluids behaviour around helicopter blades. Ne-
vertheless, it seens desirable to have reliable limiting cases
of soluticns, which also take compressitkility into account.

In addition, there are certain applications ({(e.g. windmills),
where incompressible flow is a good approximation for calcula-
ting airloads. In this application the inhomogenity of the onset
flow causes the major part of mathematical problems compared-to
neglected compressibility effects.
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Fig. Ga_and b: Thin plate approximation (steady flow)
Angle of attack: 10. degree

Aspect ratios (AR} :
Spanwise location:

y/AR = 0.5
Analytical solution: —=——-
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Fig. B: Jukowsky profile in steady flow
pressure coefficient (symmetry plane)

Angles of attack: 0., 3. and 6. degqree
A f
I Y
z a=10°
! 5 ‘
Symmetry
plane
— —‘l ~e— X/T

457
Um

9: Geometry

Angle of attack: 0. degree

CP(2D) : Analytical sclutien
CE{3D) ¢ Computad solution
Aspact ratio 3D: 1000.

X CE(2D) ce{3p} 20-30 EIRROR %
0.0 1.0000 1.9000 0.00000 0.000
0.0100 0.8416 0.8427 ~0.00115 -0.137
0.0200 0.€6864 0.6891 =-90.00271 -0,395
0.0300 0., 5344 0.5369 -0.002%2 -0.471
0.0400 0.3856 0.3860 ~=-0.00045 -0.117
0.0500 0.2400 0.2032 -0.00324 -1.3u9
0.1000 ~0, 4400 -0.4371 -0.00293 0.666
0.1500 -1.0400 -1.03717 -0.00287 G.27€
-G.2000 -1,5600 ~1.5563 ~0.00375 0.240
0.25%00 -2.0000 -1.9965 -0.00353 0.177
0.3000 -2.3600 =2.3577 =0.00234 0.099
0.3800 -2.6400 -2.6327 -0.00132 0.050
0.4000 .-2.8400 -2.8363 =0.00369 0.130
0.4500 -2.9600 -2.9564 -0.00357 0.721
0.5000 -3.0000 -2.9996 -0.00039 0.012
Tab._ 1:; cComparison of computed solution and

analytical solution

Jukowsky Profile 12_%

Angle of attack: 0. degree

CP (2D} Analytical solution
CP{30):= Computad sclution
Aspect ratio 3D: 1000,

X CP[2D) CP(3D) 2D-3D ERERCR %
0.0 1.0000 1.0000 -=0.00000 -0.000
0.0100 0.0886 0.0926 -0.00402 -4.543
0.0260 -0.1862 -0.1796 -0.00664 3.568
0.0300 ~-0.3139 -0.3099 =-0,00396 1. 261
0.0400 -Q.3844 -0.384¢ =-0.00C38 0.C%9
0.0500 -0.4270 -0.4236 ~0.00337 ¢.790
0.1000 -0, 4899 -0.4885 -0.00139 0.283
0.1500 =-Q. 4772 ~-0.4764% ~0.0008¢ 0.176
G.2000 - 0. 4445 -0.443%9 =-0.00066 0.149
0.2500 ~-0.u0us5 -0.4040 ~0.00049 G.120
0.3000 -0.3614 -0.3611+ =0.00036 0.098
0.35C0 ~0. 3174 -0.3171 =-0.00028 0.089
0.4900C -0.2734 =0.273] -0.00024 0.089
0.4500 ~0.2298 -0.22%6 -0,00020 0.0386
0.5000 -0.1871 -0.1369 =-0.00018 0.09¢
0.3500 =-0.1U%k -0.14582 ~0.00015 0.13105
G.60C0 -0.1048 -0.1046 =0.00015 0.140
¢.6500 -0.0€%33 -0.0652 -0.00C17 0.259
g.7000 -0.02M1 -0.0269 -0.00019 0.694
0.7500 0.0C29 0.0101 -~0.00023 -2.309
0.800¢C 0.0456 0.0459 =-0.00030 ~0.658
0.8500 0.0801 0.0806 -~0.00041 -0.510
0.900¢ 0.1135 0.114¢ =-0.0005% -0.u450
0.9500 0. 1456 0.1859 =0.000131 -0.211
0.9600 0.1%19 ¢.1%21 =-0.00016 -0.1019
0.9700 0.1%81 0.1381 ¢.03006 0.036
0.9800 0. 1643 0.1640 0.009030 0.184u
0.9900 0.1705 0.1700 0.00043 0.251
1.000¢C 0.1766 ¢.1803 -0.0C3M -2.102
Tab._2: Cowparison of computed sclution and

analytical selution
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Angle of attacks
Aspect ratio {(AR):
Panel elements:

Jukowsky profile 12%

0. degree

8.

30 chordwise direction
{15 for each side)
7 spanwise direction

Relative velocity VREL inside and outside the profile along selec-
ted directions.
surface causes the error in CP [pressure coeff.) for ¥Y/AR -> 1.

1. Chordwise direction alongy{symmetry plane)

X/C

-0.1000
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2. Vertical direction

X/C
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Y/AR
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0.0

0.010000
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0.050000
0.059000
0.05974¢4

0.059745

0.060000
0.080000
0.100000
0.500000
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5.000000

3. Spanwise direction

Z/C
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0.5000
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Y/AR
0.5000
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0.8000
0.9000
0.9500
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aheNoleoleNa
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» 4 ¥ 2 8 ¢

{inside

CP
0.2408
0.4000
0.9959
1.0000
1.0000
1.0000
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1.0000
0.9999
1.0000
1.0000
0.99398

VREL.X
.0.8713
0.7746
0.0082
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0.0013
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-0.0031
-0.0084
-0.0015
~0.0024
-0.0156

and outside)

cp
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1.6000
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-0.3708
~-0.3347
-0.0693
-0.0219
~0.0055
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CPp
1.0000
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0.9999
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0.9474
0.1021
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VREL.X
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0.0013
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1. 1552
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.The approximation of the profile by a cylindrical
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