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Fig. 2 Three-dimensional plot of turbulent viscosity; Re = 100,000,
angle of attack =7 deg.

the regions of turbulence in these low Reynolds number flows
and illustrate no unexpected trends.

Conclusion

In summary, the present Note describes the first work to
assess, albeit in an elementary sense, how low Reynolds
numbers may affect the standard compressibility corrections
for airfoil properties. Our purpose here is to indicate that such
low Reynolds number effects may be important. Moreover, it
appears that the highly viscous effects result in a relatively
constant C;, at least up to M, =0.5.
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Application of a Panel Code to
Unsteady Wing-Propeller Interference

A.A. Rangwalla* and L.N. Wilsont
ITowa State University, Ames, Iowa

Introduction

HE present work deals with the prediction of unsteady,

L incompressible, potential flow using a low-order panel-
ing method. The method used is an extension of VSAERO,
developed by Maskew.!

Paneling methods have been used by others to predict
unsteady lifting flows. A short representative review of the
methods and problems solved are given in Refs. 2-10. One
of the first attempts at predicting three-dimensional, un-
steady lifting flows is reported in Ref. 3. Here, the complete
nonlinear problem was solved; that is, the small perturbation
approximation was not made. However, no examples of
unsteady, three-dimensional wake structures were presented.

In Ref. 9, a free wake analysis of helicopter rotors in in-
compressible unsteady potential flows was presented. The
methodology presented in Ref. 9 is very similar to the pres-
ent one. More references by.the same author can be found
there. . '

The present approach is a nonlinear one in that the small
perturbation approximation is not made. This approach has
the advantage of being able to solve quite general problems
such as the one that was the primary objective of this
development, the unsteady interference between a two-
bladed propeller and a wing. To the authors’ knowledge, this
problem has not been solved before.

Formulation of the General Problem

For the formulation of the problem and the calculation of
the subsequent wake development, the reader is referred to
Refs. 1 and 11, where greater detail is provided. It is suffi-
cient to state that the numerical procedure consisted of solv-
ing the Laplace equation at every time step. The wing and
propeller were impulsively. started. The position of the pro-
peller with respect to the wing was changed between time
steps. The wake emanated from the trailing edges of the
wing and propeller. This wake was convected downstream
with the local velocity calculated at the corner points of the
wake panels.
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Fig. 1 Three views of the paneled wing and propeller configura-
tion.

Fig. 2 Configuration after time step 22.
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Fig. 3 Development of spanwise circulation on the wing.
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Fig. 4 Development of spanwise circulation on the propeller.
blades.

Stability of the Wake

A finite vortex wake is inherently unstable and rolls up at
its ends. Hence, when attempting to track the wake
numerically, - care must be taken not to introduce any
spurious instabilities. This was achieved by using the method
given by Chorin and Bernard.!>? Here, a cutoff radius was
chosen for each vortex line such that the velocity predicted
by the vortex outside this radius was the correct value but
was bounded inside. More details are given in Ref. 11.

Wake Snipping -

It was mentioned that the corner points of all wake panels
are convected at their calculated velocities. However, in
multibody cases like a propeller and wing or a wing and tail
combination, it is likely that this would result in wake panels
intersecting a downstream solid body. Since the wake panels
are actually ring vortices, in a real flow viscous effects would
diffuse the vorticity in the vortex filament as it approached
close to a solid body. This results in a dissipation or loss of
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Fig. 6 Pressure distribution at 0.73R on the propeller blades.

the filament. Since one of the objects of a numerical code is-

to simulate as closely as possible the physical phenomena it
is trying to model, a ‘“wake snipping’® procedure was in-
troduced to allow for the loss of such filaments. This was
achiéved in a somewhat crude manner by dropping from the
calculation any wake panel that intersected a solid body.
More refined techniques could have been used.

PRESSURE COEFFICIENT Cp

WING ALONE

distribution on the wing.

Results

The method was first used to generate flow over a high
aspect ratio rectangular wing starting impulsively from rest.
This was done to validate the code, and the results are pro-
vided in Ref. 11.

Figure 1 shows three different views of the configuration.
The wing has a GAW-1 section. There is a plane of sym-
metry at the root of the wing. The airfoil section of the pro-
peller is the Clark-Y section of 11% thickness with its chord
varying linearly from 1.0 near the hub to 0.6 at the tip. The
propeller blade is twisted to give a sectional angle of attack
of about 15 deg at 73% radius of the blade, with respect to
the relative velocity for the downward-moving blade.

The whole configuration was impulsively started. The
angular velocity of the propeller was 0.2353 rad/s. This
results in an advance ratio equal to approximately 1.57.

This problem has some interesting acrodynamic features.
Unlike some other studies (see Refs. 13-15) where the steady-
state problem was solved, we have an unsteady interference
between the propeller and the wing. The whole configuration
is at an angle of attack; hence, the rotating propeller blades
will experience a periodic loading. Also, whether the pro-
peller is heavily or lightly loaded makes no difference in the
computational approach. Recently, Kroo!® carried out a
quasisteady analysis of propeller-wing combinations in in-
compressible inviscid flow. The optimal, spanwise, time-
averaged loading on the wing was obtained and gave results
quite consistent with those obtained in this work.

Figure 2 shows the configuration after many time steps.
Here the wing and propeller wake structure are shown. The
spanwise distribution of circulation on the wing (Fig. 3)
shows two effects: that of the impulsive start and that of the
propeller. The unsteadiness due to the impulsive start results
in a monotonic increase in the circulation at every spanwise
station. The interference due to the propeller shows two
characteristics. One is the interference due to the swirl,
which creates an antisymmetric distribution centered about
the spanwise station directly behind the propeller. The other
effect is due to the displacement velocity, which causes a
symmetric distribution. For this particular case, the displace-
ment effect dominated when the propeller was nearly
horizontal whereas the swirl effect dominated when the pro-
peller was nearly vertical.

Figure 4 shows the spanwise circulation on the propeller
blades. It is found, as expected, that the downward-moving
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blade generates more circulation because the local sectional
angle of attack is larger than that for the upward-moving
blade. The pressure distribution on the wing at one spanwise
location with and without the propeller (Fig. 5) clearly shows
the interference effects on the pressure.

The pressure coefficient on a particular spanwise location
on the propeller blades is shown in Fig. 6. This has been nor-
malized with respect to the local relative velocity of that sec-
tion. The angle of attack of this section with respect to the
relative velocity is about 15 deg.

Conclusions

A piecewise constant singularity panel method has been
extended to solve for a large class of unsteady, incompress-
ible potential flows in three dimensions. The method was
used to solve the unsteady interfering flowfield between a
propeller and a wing. Due to the geometry and flowfield, a
wake snipping procedure had to be introduced.

The present approach provides an efficient method for
calculating the unsteady potential flow about quite com-
plicated configurations. The efficient low-order method used
makes an iterative solution practical.
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Lift of an Airfoil with a Jet Issuing from
Its Surface

D. A. Tavella*
Stanford University, Stanford, California,
and
K. Karamchetit
Florida State University, Tallahassee, Florida

HE lift induced on a two-dimensional wing due to a thin
jet emerging from the airfoil’s lower surface is estimated
by a simple inviscid model. When a thin jet sheet issues from
the surface of a wing exposed to a freestream, the jet becomes
part of the boundary of a separated flow region. In this
analysis, such a separated flow domain is idealized as a dead-
water region with constant pressure, bounded by the jet, part
of the airfoil surface, and a separation streamline originating
at the trailing edge of the wing, as illustrated in Fig. 1. In this
model, the effect of the jet is to cause the appearance of a
separation cavity under the wing. The cavity is assumed to
have a constant pressure equal to the pressure of the
freestream. In this case, the cavity must be open and semi-
infinite.! A similar concept with ground plane interaction was
studied by Agarwal and Deese® by numerical solution of the
Euler equations. Measurements for weak blowing intensities
were reported by Krothapali et al.> A three-dimensional ver-
sion :)f this problem was studied experimentally by Tavella
et al.
The mathematical task is a boundary-value problem where
the location of part of the boundary is not known a priori. It
can be stated as

v2$=0in Q 1)
vVé®-n=-U, on ¢, ¢, ¢3 2)
v®=0 on ¢, 3)
(A%+U,,)?
—‘-U2—'—=1_KCM on ¢, (4)

where & is the perturbation potental, U, the freestream
velocity, « the jet curvature, and the jet momentum coefficient
is defined as C, =m;/q.,, with m; the jet momentum flux per
unit length and g, the freestream dynamic pressure. The prob-
lem is solved by approximating the wake shape through the
vertical coordinates g: y,, ¥, ¥;-..., of selected points on the
free streamline and jet trajectories. The trajectories are defined
by spline interpolation through those points. Equation (1)
with the boundary conditions given by Eq. (2) is solved with a
panel method. With Eq. (2) and (4), an objective function is
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