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Nomenclature
Cp - pressure coefficient
c - chord
c, = sectional lift coefficient
M - corrected Mach number
RN = Reynolds number based on chord
x/c = nondimensional chord station
y + = law of the wall coordinate
a = angle of attack, deg
8a = aileron deflection, deg

Introduction

I NCREASING the efficiency of aircraft configurations in
general, and transport aircraft in particular, is a never-

ending task. With progress being made in the optimization of
the cruise configuration of transport aircraft, efforts are now
being made to increase the performance at off-design con-
ditions, such as when ailerons are deflected, high-lift config-
urations, and near the buffet boundary. Small decreases in
drag coefficient at off-design conditions can make significant
improvements in the overall performance of the vehicle. For
example, a 1% increase in takeoff LID is equivalent to a 2800-
Ib increase in payload, or a 150-nm increase in range for a
typical large, twin-engine transport.1 Any analysis or wind-
tunnel testing of these viscous dominated flowfields must be
done at conditions where the boundary-layer thickness and
state are simulated. Since Reynolds number effects on aero-
dynamic data is not a linear function, this must be made at
full-scale Reynolds number conditions to correctly simulate
the boundary-layer profiles.

With the continuing advancement of computing power and
algorithm efficiency, it has become more practical to calculate
flows around aerospace vehicles at full-scale Reynolds num-
ber conditions. The use of the computer allows for the iden-
tification of problem areas, and therefore, the streamlining
of the wind-tunnel test program. At cruise conditions, the
flow is nonseparated and can easily be computed using full
potential or Euler methods coupled with boundary-layer tech-
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niques. However, at off-design conditions, the flow may be-
come separated and these simpler methods cannot accurately
predict the flowfield. At these conditions Navier-Stokes
solvers are required to predict the often complicated viscous-
inviscid interactions that are occurring. Even with the in-
creases in computer power and algorithm efficiency of recent
years, turbulence quantities cannot yet be calculated directly,
requiring the use of modeling techniques.

This Note will describe the evaluation of turbulence models
as used for the analysis of a transport airfoil with deflected
aileron at high Reynolds numbers and transonic Mach num-
bers. The turbulence models evaluated are the Baldwin-Lo-
max algebraic model,2 the Johnson-King half-equation model,3
and the Baldwin-Earth4 and Spalart-Allmaras5 one-equation
models. The analysis code used is the NASA Langley thin
layer Navier-Stokes solver CFL3D.6

Results and Discussion
Solutions were calculated for the McDonnell Douglas Aer-

ospace—Transport Aircraft Unit's DLBA032 12.3% chord
thick supercritical airfoil. Experimental data were obtained
for this airfoil at the Institute for Aerospace Research (IAR)
15- x 60-in. transonic wind tunnel. Force and pressure data
were obtained for a wide range of angles of attack at Mach
numbers corrected for both floor and ceiling wall effects, as
well as for sidewall boundary effects using Murthy's meth-
odology7 of 0.716 at Reynolds number based on chord of 5,
15, and 25 million, and at M = 0.747 for RN = 15 x 106.
Data was also obtained for aileron deflections ranging from
-5 deg [trailing-edge up (TEU)] to +5 deg [trailing-edge
down (TED)].

Based on a grid resolution study performed for this airfoil
with nondeflected aileron at a = 1.2 deg, RN = 15 x 106,
and M = 0.716, it was determined that a C-grid with a mesh
size of 289 x 65 (wraparound x radial) with an outer boundary
extent of 20c yielded results of acceptable accuracy.8 Mini-
mum spacing normal to the surface was 1.5 x 10~6c, which
resulted in y+ values at one grid point off of the surface of
near 1.

The computational grid at the trailing edge of the airfoil
was found to have significant effects in the computed solu-
tions. Varying the stream wise clustering at the trailing edge
by 0.1% chord moved the location of the computed shock
wave nearly 1% chord.8 The sensitivity of the supercritical
airfoil flowfield to trailing-edge clustering observed in this
study is also evident in a study by Yu et a!.9 The stream wise
clustering at the trailing edge of the airfoil selected for use in
the present study was 0.1 %c. The flowfield around the
DLBA032 airfoil is also very sensitive to how the trailing edge
is closed. Several methods of closing this blunt trailing edge
(approximately 0.5%c thick at the trailing edge) were tried.
The only method that worked with all the turbulence models
was that of averaging the upper and lower surface trailing-
edge points.

Solutions were obtained for the DLBA032 airfoil using the
Baldwin-Lomax, Johnson-King, Baldwin-Barth, and Spalart-
Allmaras turbulence models. The same mesh was used for all
Reynolds numbers. The resulting maximum y+ values ranged
from near 0.5 for RN = 5 x 106 to slightly greater than 1 for
RN - 25 x 106. Transition was fixed for the calculations at
the experimental transition grit location: 15%c upper surface
and 28%c lower surface for RN = 5 x 106,10% cupper surf ace
and 15%c lower surface for RN = 15 x 106, and free transition
(leading edge in the computations) for RN — 25 x 106.

The general effect of turbulence model on computed pres-
sure distribution is shown in Fig. 1 for the airfoil with non-
deflected aileron, and in Fig. 2 for the airfoil with 2-deg ai-
leron deflection. These solutions were obtained for M = 0.716,
and a = 1.20 deg for 8a = 0 deg, and a = 1.24 deg for 8a
= 2 deg. All models predict pressures that are generally in
good agreement with experimental pressures for the nonde-
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Fig. 1 Effect of turbulence model on pressure coefficients (M
0.716, /?„ = 25 x 106, a = 1.21 deg, Sa = 0.0 deg).
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Fig. 2 Effect of turbulence model on pressure coefficients (M
0.716, RN = 15 x 106, a = 1.23 deg, da = 2.0 deg).

fleeted aileron case at 5, 15, and 25 million Reynolds number
(only the RN = 25 x 106 case is shown here for brevity).
However, when the aileron is deflected 2-deg down, all models
predict a shock location that is downstream of experiment
(Fig. 2). The three nonequilibrium models predict the shock
location between 2-6% aft of experiment, with the Baldwin-
Barth and Johnson-King models predictions closest to the
experimental location. The Baldwin-Lomax equilibrium model
predicts the shock location nearly 12% aft of experiment.
Poorer comparisons with experiment were obtained for 5 and
25 million Reynolds numbers, although trends with Reynolds
number were similar.8

Solutions obtained using each turbulence model predicted
the expansions around the leading edge as well as over the
hingeline well for all Reynolds numbers. The spikes in the
pressure distribution at the trailing edge seen in Fig. 2 is a
result of how the blunt trailing edge was closed for the cal-
culations. Predicted lower surface pressures compare well with
experiment, indicating that the wind-tunnel-corrected angle
of attack is appropriate. Significant regions of separation were
not predicted using any of the four turbulence models, which
is consistent with experimental observations.

The effect of the Johnson-King and Baldwin-Barth turbu-
lence models on the prediction of sectional lift coefficient is
shown in Fig. 3. This comparison is being made only with
these two turbulence models since pressure distributions pre-
dicted using the Baldwin-Lomax and Spalart-Allmaras tur-
bulence models compared less favorably with experiment for
the deflected aileron. The sectional lift coefficients predicted
using these two models are similar for the nondeflected aileron
case at all Reynolds numbers considered. Results compare
well with experiment at the two higher Reynolds numbers,
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Fig. 3 Effect of turbulence model on sectional lift coefficient: a) M
= 0.716, RN = 5 x 106; b) M = 0.716, RN = 15 x 106; and c) M
= 0.716, RN = 25 x 106.

while c, is overpredicted for RN = 5 x 106. Lift coefficient
is overpredicted by both models at all three RN for the de-
flected aileron, although results using the Baldwin-Earth model
agree somewhat better.

Concluding Remarks
All turbulence models that were evaluated provided results

that compared well with experiment for the nondeflected ai-
leron geometry. However, the shock location was predicted
2-12% aft of the experimental location for 8a = 2 deg. The
best results were obtained using the three nonequilibrium
models for the deflected aileron geometry. The results pre-
dicted by the Baldwin-Earth turbulence model coupled with
the CFL3D Navier-Stokes code yielded the best overall com-
parisons with experiment.
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Introduction

C URRENT aeroelastic analyses are performed through
repetitive solutions of a complex eigenvalue problem or

a determinant for a large number of reduced frequencies or
velocities.1-2 The stability of the system is studied by numer-
ically tracing the roots of the solutions in the traditional V-g-
(o plots. The critical modes are then obtained from the crossing
of the zero line of the real part of the roots (zero damping
or flutter condition) and the imaginary part of the roots (zero
frequency or divergence condition). The variants of the so-
lutions can be separated into three main groups, namely the
1) p methods, 2) the k methods, and 3) the p-k methods.
Many authors3 have discussed the difference between these
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traditional solutions. While all these methods lead to ap-
proximately the same flutter and divergence speeds, they dif-
fer in the results obtained beyond the critical speeds. Clas-
sically, the display of the results in the form of V-g-co diagrams
is made on the implicit assumption that the shape of these
plots reveal something about the severity of the instability
beyond the critical speeds. Such interpretation must be made
with great caution, since some of the solution variants, e.g.,
the classical k methods, can produce erroneous conclusions
if interpretation about the damping obtained beyond the crit-
ical speeds is made.3 In many practical applications the main
objective is the determination of the critical speeds and not
the damping beyond these speeds. Examples are preliminary
design and optimal design programs subjected to constraints
on the critical aeroelastic velocities. In such conditions a rapid
and automatic method for the evaluation of the least flutter
and divergence speeds is required. In Ref. 4, it has been
demonstrated that this end can be achieved when only in-
quadrature air forces are considered in the nonstationary
aerodynamic load formulation. In this Note, it is shown that
in many cases where out-of-phase air loads are also consid-
ered, the problem can be cast into the solution of two equa-
tions, whose simultaneous solution determines directly the
critical velocities and frequencies. Such applications include
the formulations based on quasisteady aerodynamic theory
and simple forms of unsteady aerodynamic loads.

Problem Formulation
The aeroelastic stability equations can be written in general

form as

[p>[M] + [K] - A[«GO]]{«} = {0} (1)

where [M] is the mass matrix, [K] is the stiffness matrix, A
is an aerodynamic parameter function of the freestream ve-
locity, and p is the problem eigenvalue, which is in general
complex. The elements of the aerodynamic matrix, which are
explicit functions of/?, will depend on the theory used for the
formulation of unsteady aerodynamic loads. In many cases,
e.g., when the quasisteady aerodynamic theory or simple forms
of unsteady aerodynamic loads are used, the matrix [a(p)}
assumes the simple form

(2)

where y is an aerodynamic damping parameter, and the aero-
dynamic matrices [a^ and [a0] are real, with constant ele-
ments. Substituting Eq. (2) into Eq. (1), transforming the
coordinates to the free vibration modal base, and using mode
shapes normalized for the unit mass matrix, the aeroelastic
stability equations read

J = {0} (3)

(4)

where solutions in the form

{q} = {q0}e""

have been considered for the modal amplitudes. Equation (3)
represents a parametric eigenvalue problem whose charac-
teristic equation can be written in general form as

1 + c2p2"~2 + - • • + c2n = 0 (5)

where n is the order of the system. Since the matrices of Eq.
(3) are all real, it follows that the coefficients of the charac-
teristic Eq. (5) are real and are functions of the aerodynamic
parameter A and the damping factor y. Now, on the border-
line of stability, the roots p of Eq. (5) are real, so that we


