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Nomenclature

fr
K
N

= prescribed normal velocity boundary condition
= strength of mass flow control vortex
= strength of Kutta vortex
= number of panels used to approximate an annular aerofoil

_^ surface
7i = unit normal vector to a surface or panel
P = a general field point in space or a point on the boundary sur-

face
q — a source point on the body surface
Q = surface source density
V — velocity
Vntj = normal component of the induced velocity at the control

point of ith surface panel by a unit value of source density
of theyth surface panel

Vtij = tangential component of the induced velocity at the control
point of the ith surface panel by a unit value of source
density on theyth surface panel.

6 = surface slope of the aerofoil
Subscripts
i = Denotes quantities associated with the ith panel
j = Denotes quantities associated with the yth panel
p - Denotes quantities associated with the boundary
oo = Denotes quantities associated with the free-stream

THE problem of the subsonic potential flow past annular
.aerofoils has been treated extensively, recently using the
method of singularities.1'6 Smith and Hess1 solved the
problem by using surface sources and computing the flow

properties from the resulting integral equation using high-
speed digital computers. Geissler3 has recently solved the
thick annular aerofoil problem using a combination of
source and vortex rings. An interesting experimental tech-
nique based on the linear theory using rheoelectric analo-
gy4 has been used for both the direct and inverse prob-
lems.

The purpose of this Note is to study the lowspeed po-
tential flow past annular aerofoils using three different
methods. The Kutta condition is satisfied at the trailing
edge and the mass flow through the body is specified in-
dependently. The first is the Young's nonlinear method2

using a combination of source and vortex distributions.
The second is the rheoelectric analogy in which the flow
potential is simulated in an inclined tank using the elec-
trical analogy. The third is the Smith's method wherein
source distributions are put on the body. All these tech-
niques are applied to NACA-66-006 profile and the rela-
tive merits of the three assessed.

Analysis

The basic integral equation for a continuous source dis-
tribution on any arbitrary body is given by

(1)

As explained in Ref. 1, the annular aerofoil is approxi-
mated by a large number of panels in the form of conical
frustra. The continuous distribution of sources over the
body surfaces is replaced by N discrete values, each con-
stant over a segment. The mid point of each segment is
chosen as the control point. A surface source strength of
unit strength is placed on each element and the normal
velocity component to the body surface induced at every
control point by all other elements is calculated by nu-
merical integration.

The mass flow through the annular aerofoil can be
changed by the addition of a uniform vortex distribution
placed on the camber surface of the aerofoil and extending

Fig. 1 Rheoelectric
analogy-inclined tank,
simulation of flow past
annular aerofoils with

different inlet flow
conditions.
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downstream of the trailing edge on the mean cylinder.
The strength of this vortex can be varied to give the re-
quired intake flow and this induces a normal velocity
component at the control points on the surface of the ring
aerofoil.
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Fig. 2 Comparison of nonlinear theory and rheoelectric analogy for NACA 66-066, profile fineness ratio 0.8: a) without hemisphere
central body; and b) with hemisphere cylinder central body.

The circulation around the aerofoil is undefined until
Kutta condition is applied at the trailing edge. Another
uniform vortex distribution is placed on the camber sur-
face and only extends over the chord length. This allows
for the velocity jump across the trailing edge due to the
trailing vortex cylinder. This kutta vortex distribution in-
duces a normal velocity at the control points. Now apply-
ing the boundary condition that the normal velocity is
zero, at each control point, the following equations are ob-
tained.

£ VnijQj + Vni-K = V. sin 0,

- Vni'G, , = 1, 2, . . (AT - 1) (2)

S (Vtitj + Vt ^ )Qj ~ (Vti + Vtjf^)K

i + cos 9Nm + Vti + ^

+ G, z = 1, 2, . . (tf - 1) (3)
The singularity strengths can be calculated as explained
in Ref. 2 and thereby the tangential velocities and the
pressure coefficients can be computed at all the control
points.

The axisymmetric potential flow past an annular aero-
foil is simulated in an inclined tank of dimension 150 cm
X 75 cm X 30 cm fabricated out of wood. The tank along
with the accessories are shown in Fig. 1. The feed elec-
trodes are made of 10 mm. Aluminium sheet. In this
work, the input supply of 15v and 400 cycles/sec is used.
The potentiometers used in the bridge circuits can mea-
sure the potentials up to I/1000th of the applied voltage.
The model consists of a meridian section formed of the
NACA aerofoil, made of wood. The electrical potential
distribution measured over the contour of the model is
converted into velocity potential as explained in Ref. 4
and the velocity and pressure distributions are computed
numerically.

Results and Discussion

The pressure distribution obtained by Young's nonlin-
ear method as well as the rheoelectric analogy as applied

to NACA 66-006 for two different mass flow ratios are
given in Fig. 2. Figure 2b gives the pressure distribution
on the annular aerofoil with a hemispherical nosed cylin-
drical body kept with nose at the leading edge. Figure 3
gives the results of Smith's theory without controlling
mass flow ratio as applied to same annular aerofoil and
the results compared with the available wind tunnel
tests.5

Although in Ref. 1, Smith describes the procedure for
controlling the mass flow ratio for annular aerofoils where-
in the original configuration is altered to give a semi-infi-
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Fig. 3 Comparison of Smith's method and wind-tunnel re-
sults for NACA 66-066 aerofoil.
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nite after body it is not clear how this could be applied to
finite annular bodies. The numerical experimentation re-
veals that the distribution of panels should be such that
the variation of source strengths should be gradual with-
out any abrupt jumps. As mass flow ratio increases, the
source strength decreases for the internal flow and in-
creases for the external flow. Regarding panel distribu-
tion, sixty panels are used, with 30 panels on internal sur-
face and 30 panels on external surface with one point at
the leading edge. In the case of annular aerofoil with the
central body, about 51 points are distributed on the aero-
foil and 10 points on the central body. Even though the
number of panels is very much less than what Smith has
suggested,1 the comparison is fairly good. The agreement
near the trailing edge is poor. The reason may be due to
the interference effects of the electrodes kept near the
trailing edge for controlling the mass flow.

Conclusion

From the above discussion it is clear that the rheoelec-
tric analogy is a good first approximation in solving the
flow problems past annular aerofoils with and without
central bodies. The main advantage in its use is the sim-
plicity, and the continuous representation of the flowfield
without involving any discretisation. Comparison with
Young's nonlinear theory is fairly good. Smith's method
using source distributions gives a good representation of
flow past thick semi-infinite annular aerofoils without
controlling mass flow, as shown in Fig. 3.
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b = span
c - chord

Received April 22, 1974; revision received July 2, 1974. The au-
thors would like to express their appreciation to A. D. Hammond
and R. J. Margason of the Aerodynamics and Performance
Branch at NASA Langley Research Center for helpful advice in
this investigation.

Index category: Aircraft Aerodynamics (Including Component
Aerodynamics).

* Assistant Research Professor; also Assistant Research Profes-
sor of Engineering, School of Engineering and Applied Science,
George Washington University, Washington, D.C. Member AIAA.

tResearch Assistant.

CL = lift coefficient
r - radial coordinate
U = freestream velocity
u - axial velocity component
v = spanwise velocity component
w = vertical velocity component
x = stream wise coordinate
y — spanwise coordinate
z = vertical coordinate
T = circulation
K = trailing vortex strength
v = kinematic viscosity
v = v/(Uc)
Subscripts
( )c = vortex center
( )/ = flap

Introduction

IN the past several years considerable interest has been
shown in computational methods of analyzing the roll-up
characteristics of aircraft trailing vortices. Although the
general problem is quite complicated, considerable prog-
ress has been made by assuming a potential flow model.
This idea was first introduced by Westwater.1 Since that
time, various applications and extensions of the Westwat-
er type of method have been made.2"5 Examination of the
computational results of these investigations reveals that
all of these authors encountered an irregular roll-up of
vortex sheet in the tip region.

In a recent study of the numerical representation of vor-
tex sheets Kuwahara and Takami6 found that by includ-
ing an "artificial viscous core" term in the equation for
induced velocity with a suitably chosen value of the "arti-
ficial viscosity coefficient" the irregularities that normally
occur in the Westwater method can be smoothed out. (A
similar approach also has been proposed by Chorin and
Bernard.7)

The purpose of the present investigation was to apply
the artificial viscosity method of Kuwahara and Takami
to a number of practical aerodynamic configurations and
compare the results for the core location with existing ex-
perimental data where possible.

Mathematical Model

Following Kuwahara and Takami the induced velocity
field of a collection of two dimensional line vortices with
artificial viscosity distributed over the span of the wing is
given by

Configuration
Number

1
2
3

Description

Plain Wing
Flapped Wing
Flapped Wing

c ,
1.0
1.5
1.0

c f / c

0.25
0.25

df

20
40

b f / b

0.5
0.5

b

8
8

- 8

c

1
1
1

Fig. 1 Wing-flap geometry and aerodynamic configurations.


