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Nomenclature
C = chord length
Q, Cp = coefficient of lift, pressure
H = shape factor
4, k = length of laminar, turbulent portion of bubble
Rec = Reynolds number (Uc/v)
U, V = stream wise, transverse velocity
X, Y = stream wise, transverse direction
a - angle of attack
F = strength of circulation
At = increment of time
0 = momentum thickness

v
4>
Subscripts
e
i
R,S,T

= pressure gradient parameter ( — —
= kinematic viscosity
= velocity potential

= tangential component
= neighboring turbulent separation point
= reattachment, separation, transition point of

boundary layer
oo = freestream

Introduction

BECAUSE of the large number of systems operating in a
low Reynolds number range (10*<Rec < 106), there is con-

siderable importance in studying the aerodynamic perfor-
mance in that range. For a low Reynolds number flow about
a two-dimensional airfoil (see Fig. 1), the boundary layer
developed on the surface may result in laminar separation at
some distance downstream from the leading edge. It then
becomes turbulent after reattaching to the surface, and possi-
bly has a turbulent separation point near the trailing edge. In
this Reynolds number range, the aerodynamic performance is
affected primarily due to the existence of a bubble located
between the laminar separation and reattachment points.

Since Horton1 introduced a semiempirical method for calcu-
lating the bubble properties, low Reynolds number aerody-
namics has either used Horton's theory or a modified form.
Roberts2 and Cotton and Galbraith3 have successfully modi-
fied the theory for predicting bubble formation, which agreed
with experimental results. In order to simplify the computa-
tions, the present paper employs Horton's theory only in
predicting bubble formation.

It is known that the potential solution for a two-dimen-
sional airfoil becomes incorrect when the flow separates at a
high angle of attack. One reason is that the wake effect is not
considered. In order to obtain a more accurate solution, Basu
and Hancock,4 as well as Kim and Mook,5 obtained unsteady
potential solutions by using discrete vortices to simulate the
wake effect of an unsteady airfoil in incompressible flow.

Katz6 also employed the vortex model combined with thin
airfoil theory to study the stall effect on aerodynamic perfor-
mance. The cases they studied included either turbulent sepa-
ration or detailed pressure distribution. In the wake model
here, one releases the point vortices from the turbulent separa-
tion point and the trailing edge to improve the potential solu-
tion according to the model proposed by Sears.7 Also, the
method introduced by Blaslovich8 is adopted to modify the
pressure distribution in the region after turbulent separation
point. This technique is not only quite simple and efficient but
is also reasonably accurate, as verified by experimental results.

Preliminary Prediction Method
The panel method9 was first used to solve the potential flow

equation for NACA 633-018 and 663-018 airfoils. Since the
calculated Reynolds number is greater than 105, the flowfield
over the airfoil may already be separated. The flow properties
related to the separation are the boundary-layer development,
the laminar separation point, transition, reattachment point,
and the turbulent separation point. The information about the
boundary-layer development can be obtained by Thwaits'
method10 for the laminar portion. The MichePs criteria9 are
then used to predict the transition point, and Head's method10

is used for the turbulent portion.
From Michel's criteria, we are able to predict the transition

point. In addition, the laminar separation point is located
ahead of the transition point if

X< -0.09 (1)

Now we must check whether the boundary layer is reattached.
From the bubble properties,1 the length in the laminar portion
of the bubble 4 is given by

9 __ 40,000*;
Us

and the bubble reattachment properties are

X = - 0.0059

= 0.011233-^ -0.003033L u
s

(2)

(3)

(4)

-7T/ (5)us/

From Eqs. (3) and (5), the length of the bubble in the
turbulent portion £2 can be obtained. During the calculation,
three assumptions are made:

1) UT = u$9 since the pressure is nearly constant in the
laminar portion.

2) The velocity distribution is linear between the transition
and reattachment points.

3) The velocity field outside the boundary layer is not appar-
ently affected by bubble existence.

When the reattachment point is determined, Head's method
is used for finding the turbulent separation point. As long as
the value of the shape factor H falls between 1.8 and 2.4,
turbulent separation is reached.
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Fig. 1 Schematic of boundary-layer flow development.
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In order to obtain a preliminary prediction of the pressure
distribution, the previous three assumptions and the plateau
behavior of the pressure distribution after the turbulent sepa-
ration point are employed to modify the pressure distribution
from the panel method. Th$$e preliminary results are then
compared to the experimental results11 for two angles of at-
tack (see Fig. 2). These comparisons for the laminar separa-
tion, the feattachment and the turbulent separation points on
the upper surface are presented in Figs. 3 and 4. Although the
preliminary predicted results agree with the experimental data
in some cases, the Cp distributions at the leading edge and
trailing edge portions are not as good as expected. In an effort
tb improve the numerical results, the following modification is
introduced.

Vortex Wake Model
According to Sears' model7 for a separated blunt trailing

edge airfoil, as plotted in Fig. 5, the total change of circulation
about the airfoil with two separation points A and B is given
by

dF (6)

The strength of the vortices from the turbulent separation
point at the upper surface of the airfoil is

= -^I (7)

When the panel method is used; a series of singular points are
deployed on the airfoil surface. This may interfere with the
vortex ,wake model from which two other singular points are
assigned. Thus, to modify the velocity at the separation point,
one introduces

Us = 0.25 x (8)

The analyzed airfoils are NAC A series airfoil 663-018 and
633-018! Their trailing edges are cusped and the velocity at the
trailing edge has not been determined properly by numerical
computation. In order to overcome this difficulty, Kelvin
theorem

•£-
is introduced and expressed in numerical form as

(9)

k+l 1 \Ar+ l- -ujj rwake

where A: is the iteration number.
The unknowns are the source strength on each panel, circu-

lation strength about the airfoil, and the trailing edge vortex
strength, The boundary conditions are the nopehetration con-
dition on the control point of each panel and the Kelvin
theorem. For the problem to be well posed, another boundary
condition is needed. From the visualization study11 about the
airfoil, the flow direction leaving the lower surface of the
trailig edge is geometrically tangent to its edge as long as the
flow is separated somewhere on the upper surface. The pres-
sure distribution Cp is obtained accordingly from

Cp is then taken to be the time-averaged value of the final
ten-period data.

^airfoil)*
10- (12)
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Fig. 2 Comparison of pressure distributions for preliminary predic-
tion and experiment11 for Rec = 3 X 10s at a) a = 5 deg; b) a = 14 deg.
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Fig. 3 Comparison of boundary-layer properties with angle of at-
tack for Rec - 3 X 10s (- prediction; o, x experiment11).

r - i _ _ -p~ Ul t/oo dt (11)

The convergence criterion is set as in Eq. (12)^ and computa-
tion stops when e<10~4 or becomes periodic. The resultant

Results and Discussion
The comparison of the experimental Cp arid the preliminary

predicted Cp distributions show a plateau behavior in the
bubble region and steeply decrease after. This confirms the
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Fig. 4 Comparison of boundary-layer properties with Reynolds
number for a = 10 and 12 deg.

-O-

r^O' -U1

Fig. 5 The vortex wake model proposed by Sears.7
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Fig. 7 Variation of lift coefficient with angle of attack for
Rec = 3 x 105 (- panel method; x present method; o experi-
ment11).

prediction calculation assumptions. For lower angle of attack,
a = 5 deg, the preliminary predicted Cp distributions clearly
agree with the experiment, especially on the upper surface.
However, for higher angles of attack, a = 14 deg, the pre-
dicted results deviate more significantly from the experiment,
and deteriorate badly at the leading and trailing edges, where
the flow is separated and the wake occurs, respectively.

The predicted information about the boundary-layer prop-
erties are summarized in Fig. 3, along with the experiment11

about NACA 633-018 airfoil for Rec = 3.0 x 105. The overall
error is less than 10%. The predicted turbulent separation
points will be utilized as the vortex-releasing points in the
vortex wake model, where the Cp distributions will be modi-
fied accordingly. Figure 4 also shows the prediction of bubble
formation for NACA 663-018 airfoil12 at a = 10 and 12 deg,
with respect to the Reynolds number. Although some of the
errors may be as high as 30%, a satisfactory comparison also
exists here.

Figure 6 shows the result of the computation by the vortex
wake model with further modification. The Cp distribution
calculated here is improved in comparison with the previous
preliminary result and agrees quite well with the experimental
data, particularly in the front portion of the airfoil. Figure 7
illustrates the comparison of the lift coefficient Q for the
solution by panel method, modified solution with wake
model, and experiment at various angles of attack. It is appar-
ent that there is a substantial improvement between the modi-
fied solution and the panel method solution, especially after
the linear region in the lift curve.

Concluding Remarks
A simplified procedure is developed for predicting the aero-

dynamic parameters and bubble formation on NACA series
airfoils in the low Reynolds number range. The modified
scheme with vortex wake model demonstrates good agreement
with experimental data. In addition, only 20 s per case of
VAX-8600 CPU time is required for the preliminary predic-
tion calculation, whereas it takes about 12 min per case for the
modified solution calculation. The procedure is quite efficient
and suitable for practical application.
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Fig. 1 Normal force coefficient vs angle of attack and geometry of
the Standard Dynamic Model (SDM).

Introduction

AERODYNAMIC load evaluation for aircraft maneuvers
such as the coning motion is much needed during the de-

velopment process of modern fighter aircraft. Such aero-
dynamic data can be obtained by rotary-rig experiments,
which can simulate aircraft coning and spinning conditions.1'3
Because of the complex nature of this type of testing, the
number of facilities having rotary rigs in their wind tunnels is
small. Additionally, the experimental data reduction process
must account for effects such as model dynamics, wind-tunnel
blockage, and model mounting interference.3 Computational
simulation of these aircraft maneuvers can complement the ex-
perimental determination of the aerodynamic coefficients
and, thereby, accelerate vehicle development process.

In the present study, a three-dimensional panel model for a
generic fighter airplane (Standard Dynamic Model,1'2 or
SDM) was prepared, and its capability of simulating the three-
dimensional coning motion was investigated.

Contents
The numerical scheme used here is based on a three-

dimensional potential-flow method combined with a time-
dependent vortex wake model to simulate the shear layers em-
anating from the trailing edges of lifting surfaces. The baseline
code4 uses quadrilateral panel lattice with piecewise constant
doublet and source surface elements. This approach was
widely used before5 for steady-state, high Reynolds number,
lifting, nonseparated, and subsonic flows. For this case of
coning motion, the spiral wake behind the airplane is con-
structed by the time-stepping method. The motion begins with
a "no-wake" condition, and for the case of coning motion
will evolve until the starting-vortex effect on the solution be-
comes negligible (about one complete revolution for
ub/2U<Q.Q5). More details about the methodology and the
particular formulation used here are provided in Ref. 4.

For this preliminary study of modeling the coning motion,
the SDM was presented by 718 panels, and its geometry is
shown in the inset of Fig. 1. More detailed dimensions of the
model are provided in Refs. 9-11. Since the experimental data
of Refs. 1 and 2 were taken at a Mach number M of 0.6, the
effect of compressibility was investigated briefly by conduct-
ing a lower-speed static test (at M= 0.15) with a similar model.
The results of this test, and the normal force Cz data of Ref. 1,
is compared with the computed results in Fig. 1. At the lower
angles of attack (a< 15 deg), the computed curve falls close to
the two sets of experimental data, but a closer inspection
reveals that the low-speed data are slightly lower than the
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Fig. 2 Side force Cy vs roll rate ub/IU^ for the SDM, and descrip-
tion of the coning motion.
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Fig. 3 Rolling moment Q vs roll rate ^b/2Uw for the SDM.

high-speed data (as predicted by the Prandtl-Glauert law). The
wing's leading-edge sweep is only 40 deg and, therefore, at this
angle-of-attack range, wing leading-edge separation will not
dominate the lift characteristics. However, at angles of attack
over 25 deg, the flow separation from the strakes intensifies
and increases the experimental lift coefficients over the com-
puted ones. This effect of strake vortex flow, which seems to
cause larger Cz in the M= 0.15 tests, was not modeled numeri-
cally here. Based on this normal force data of Fig. 1, and be-
cause of the low reduced frequencies in the experiments of
Refs. 1 and 2, it is assumed that compressibility effects are
small and fall within the limits predicted by the Prandtl-
Glauert law.

Computed and experimental side force Cy and rolling mo-
ment Q are presented in Figs. 2 and 3, and the parameters
such as angle-of-attack a. and rotation rate co for the coning
motion are described in the inset to Fig. 2. For this case, the
aircraft was rotated about its center of gravity at a rate of


