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Computation of the Aerodynamic Characteristics
of a Subsonic Transport

Lillianne P. Troeger* and Gregory V. Selby ¥
Old Dominion University, Norfolk, Virginia 23529

An advanced low-order panel method, VSAERO, has been applied to a full-configuration transport
aircraft. Wing pressure distributions, as well as lift, drag, and pitching moment coefficients, calculated
for the full configuration are compared with experimental data. In addition, the effect of selected vehicle
components on aircraft forces and moments was investigated. The results for the complete configuration
were compared with those from several partial model configurations. It is shown that the wing-surface
pressure distributions and pitching moment coefficient are predicted well by VSAERO. The lift coefficient
is consistently overpredicted by the code, as expected for inviscid calculations.

Nomenclature
a = speed of sound
B = fuselage
C, = drag coefficient, drag/(¢S.r)
C, = lift coefficient, drag/(gS..s)
C,, = pitching moment coefficient, pitching moment/
(quefMAC)
C, = pressure coefficient, (p — p.)/q
c = local chord
F = wing fairing
M = freestream Mach number, a”'(2¢/p)"*
MAC = mean aerodynamic chord, 17.67 in.
D = local static pressure, psf
D = freestream static pressure, psf
q = dynamic pressure, psf
S.r = reference wing area, 19.92 ft’
T = tail assembly, including horizontal and vertical tails
and associated fairings
w = wing
x,y = streamwise and spanwise distances, respectively
x/c = nondimensional chordwise location
a = angle of attack

Introduction

ANEL methods for aerodynamic applications have been

widely used by the aerospace community since the 1960s.’
Panel methods are presently the only computational tools rou-
tinely used in the aerospace industry for the analysis of sub-
sonic and supersonic flow about complex aircraft geometries.
One major advantage of panel methods is that they only re-
quire a surface panel representation of the geometry. This is a
much simpler grid than that required for finite difference or
finite element methods. VSAERO is an advanced low-order,
three-dimensional panel method that uses piecewise constant
source and doublet singularities on flat, quadrilateral surface
panels. Panel methods assume inviscid flow. Therefore, differ-
ences between experimental and computational data increase
as the angle of attack approaches stall, and flow separation
begins.
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Margason et al.”> compared five production surface panel
methods used to predict the subsonic characteristics of five
wing-alone and two wing-body configurations. The codes as-
sessed were HESS, VSAERO, QUADPAN, MCAERO, and
PAN AIR; the first three are low-order methods and the latter
two are high-order methods. Results were compared on the
basis of configuration lift, spanwise load distribution, chord-
wise pressure distribution, and Mach number effects on lift. It
was noted by Margason et al. that VSAERO’s calculation of
C, was dependent on the number of spanwise panels, possibly
because of insufficient chordwise panel distribution or the de-
tails of the treatment in the tip region. The higher-order meth-
ods, PAN AIR and MCAERO, provided accurate solutions
with fewer panels than the low-order methods. Because the
higher-order methods had significantly higher computer exe-
cution times and costs, the low-order methods are valuable for
parametric studies and iterative calculations. The largest com-
putational configurations in the current investigation involved
over 3600 surface panels and over 2000 wake panels and re-
quired approximately 4.5 (actual time) for the execution of
VSAERO (version E.0) on a Silicon Graphics/IRIS 4D-320
VGX Workstation at NASA Langley Research Center.

The current investigation focused on the generic tactical
transport (GTT) model that has been used by the Subsonic
Aerodynamics Branch at NASA Langley Research Center as
part of the advanced turboprop program. Currently, the pro-
gram includes propulsion/airframe integration studies utilizing
the advanced turboprop (ATP) engine. The GTT was designed
as a high-wing, military-type, short takeoff and landing
(STOL) subsonic transport. The full, unpowered GTT was nu-
merically modeled in the cruise configuration for various an-
gles of attack and freestream Mach numbers that did not ex-
ceed approximately 0.2. The experimental data are compared
with computational wing pressure distributions and aerody-
namic forces. This undertaking constitutes a code-validation
study of VSAERO using wind-tunnel data for the GTT. A val-
idated computational representation of the experimental model
allows additional configuration studies to be made without the
costly use of a wind tunnel, experimental apparatus, and test
personnel.

The effect of selected vehicle components on the aircraft
forces and moments was investigated. The results for the com-
plete configuration were compared with those from several
partial model configurations. The partial models were obtained
by removing the tail, wing fairing, and/or fuselage from the
full configuration as shown in Table 1. The partial configura-
tions were analyzed to determine how detailed the actual ge-
ometry must be paneled to obtain accurate computational pre-
dictions. A simpler configuration requires less effort to panel.
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In addition, fewer panels are required, which reduces the com-
puter execution time to obtain computational results.
VSAERO was chosen as the panel method for this investi-
gation for several reasons. As shown in the literature, advanced
low-order codes such as VSAERO may be used as engineering
design tools with lower computing costs than the higher-order
panel methods or Navier- Stokes solvers.” The low-order
codes produce accuracy similar to that from higher-order meth-
ods.* VSAERO and several other panel method programs that
combine source and doublet singularities have been used ex-
tensively enough ‘““as to merit the designation of well-proven
design tools.”> Also, first-order methods such as VSAERO
have been shown to satisfactorily model most external flows.
Hoeijmakers* pointed out that low-order methods model sub-

Table 1 Computational model
configurations

Components

Configuration present

W+B+F+T
W+ B+ F
W+ B
w
W+B+T

S N S

Table 2 Number of surface and wake
panels for all configurations

Surface Wake

Configuration Patches panels panels
WBFT 26 3655 2133
WBF 19 3040 1978
WB 20 2354 2116
w 2 875 1432
WBT 27 2969 2278

Fig. 2 WBF configuration.

sonic flows well. The GTT experimental data were obtained
at incompressible Mach number conditions. Supersonic flow
is better modeled by a higher-order method. An additional mo-
tivation for the choice of VSAERO was the fact that low-order
panel methods are affected less by the irregular paneling on
portions of the surface model of the complex GTT configu-
ration. Finally, VSAERO can be run on a minicomputer, so no
mainframe access is required.

Generation of Computational Input Geometry

The surface definition data were processed to obtain a single
geometry definition file in VSAERO format. Grids were gen-
erated over the entire model using GRIDGEN. Five surface
geometries were investigated, as shown in Table 1.

The wake lines were extended approximately seven times
the length of the fuselage and divided into 78 wake grid
planes. A type-1 wake was shed from each panel along the
trailing edges of the wing and horizontal tails. A type-1 wake
is one in which the total energy above the wake is equal to
that below the wake; i.e., the total pressure is constant across
the wake. Static pressure should be equal for any thin wake.
A jet wake (vortex-tube) was attached to the aft portion of the
fuselage. Table 2 indicates the total number of body surface

Fig. 5 WBT configuration before wake relaxation.
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patches and panels, as well as wake panels, used to model each
of the configurations. Figures 1-5 show the body mesh rep-
resentations for the WBFT, WBF, WB, W, and WBT configu-
rations, respectively.

Description of Experimental Model and Test Facility

The initial phase of GTT model research was to measure
and document the aerodynamic characteristics of the unpow-
ered model.’ The pressure distribution and aerodynamic force
data were measured during tests of the GTT in the NASA
Langley Research Center’s 14- by 22-ft Subsonic Tunnel. Ap-
plin et al.® provided a database of wing-surface pressure dis-
tributions for various model configurations and freestream flow
conditions. This database may be used to validate high-liftsys-
tem analytical tools. A sketch of the experimental GTT model
is shown in Fig. 6.

The wing of the GTT had five chordwise rows of pressure
taps as shown in Fig. 7. The three inboard chordwise stations
were positioned close to the engine nacelle location. The fourth
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Fig. 6 GTT model: a) top, b) front, and c) side views.
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Fig. 7 Location of pressure-tap stations on the wing of the ex-
perimental model.

chordwise station was located near the midspan of the out-
board flap. The outboard pressure-tap station was located near
the middle of the aileron.

The test matrix for the unpowered GTT included angles of
attack from —4 to 22 deg and sideslip angles of 0 and *15
deg. In some cases, model oscillations prevented the achieve-
ment of the highest angles of attack. Various trailing-edge flap
deflections and one Krueger deflection schedule were investi-
gated at freestream dynamic pressures g of 20, 40, and 60 psf.
These dynamic pressures correspond to freestream Mach num-
bers of approximately 0.12, 0.16, and 0.2, respectively.® The
tests of primary interest for the current investigation involved
the cruise wing configuration; i.e., zero flap and Krueger de-
flection. Applin et al.® applied wind-tunnel jet boundary cor-
rections and wing, body, and wake blockage corrections to the
data as prescribed by Herriot.” No corrections were made to
the data because of tunnel flow angularity or support system
interference.

Results and Discussion

Comparison Between Experimental and Computational Data

Computational results were obtained by executing VSAERO
(version E.0) using a Silicon Graphics/IRIS 4D-320 VGX
workstation. Surface pressure distributions obtained using
VSAERO for the WBFT configuration for all ¢ values and at
angles of attack of 0 and 14 deg are presented in Figs. §-10
for data at spanwise semispan stations of 11.0, 22.0, and 59.0
in., respectively. As expected, these figures indicate that the
variation in ¢ had little effect on the computational pressure
distributions. Therefore, all pressure distributions presented for
the configurations discussed herein are for ¢ = 40 psf only,
because it was the median value investigated.

The pressure distributions obtained for the WBFT (full) con-
figuration compared with experimental data are presented in
Figs. 11-15 for all spanwise locations. Good agreement exists
between experimental and computational data for the leading-
edge region of the wing, with discrepancies noted for the trail-
ing-edge region. VSAERO increasingly overpredicted the suc-
tion peaks for y = 19.0 in. (stations progressing outboard),
with errors ranging from 6.25% at y = 19.0 in. to 29% aty =
59.0 in., but underpredicted the suction peak for y = 11.0 in.
The increase in suction peak with increasing semispan loca-
tion, for both experimental and computational data, is consis-
tent with the performance of unswept, tapered-wing planforms,
for which lift-induced o increases toward the wing tip. The
station at y = 11.0 in. was closest to the wing fairing and body
and, therefore, most subject to wing/body interference effects.
Interference effects such as at the wing/body junction were not
considered in the current computations. Wing-tip effects were
not apparent because the current computational and experi-
mental results were compared up to 84% semispan.
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Fig. 8 Computational pressure distributions for the WBFT con- Fig. 10 Computational pressure distributions for the WBFT con-
figuration for all ¢ values aty = 11.0 in. « = a) 0 and b) 14 deg. figuration for all ¢ values aty = 59.0 in. « = a) 0 and b) 14 deg.
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Fig. 11 Computational and experimental pressure distributions
Fig. 9 Computational pressure distributions for the WBFT con- for the WBFT configuration for ¢ = 40 psf at y = 11.0 in. « = a)
figuration for all ¢ values aty = 22.0 in. « = a) 0 and b) 14 deg. 0 and b) 14 deg.
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Fig. 12 Computational and experimental pressure distributions
for the WBFT configuration for ¢ = 40 psf at y = 19.0 in. « = a)
0 and b) 14 deg.
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Fig. 13 Computational and experimental pressure distributions
for the WBFT configuration for ¢ = 40 psf at y = 22.0 in. a = a)
0 and b) 14 deg.
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Fig. 14 Computational and experimental pressure distributions
for the WBFT configuration for ¢ = 40 psf aty = 43.75 in. a = a)
0 and b) 14 deg.
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Fig. 15 Computational and experimental pressure distributions
for the WBFT configuration for ¢ = 40 psf at y = 59.0 in. « = a)
0 and b) 14 deg.
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Fig. 16 Computational and experimental lift coefficients vs angle
of attack for the WBFT configuration for all ¢ values.
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Fig. 17 Computational and experimental drag coefficients vs an-
gle of attack for the WBFT configuration for all ¢ values.
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Fig. 18 Computational and experimental pitching moment co-
efficients vs angle of attack for the WBFT configuration for all ¢
values.

Discrepancies between the experimental and computational
pressure distributions were primarily caused by viscous effects.
Experimentally, the leading edge of the wing was smooth and
continuous. Flow over such a surface would not be dominated
by the viscous effects; therefore, an inviscid code such as
VSAERO should model flow in the leading-edge region well,
which it did, as seen in Figs. 11-15. However, the downstream
portion of the wing on the experimental model contained gaps,
steps, and flap-track fairings associated with the double-slotted
trailing-edge flap system present for 11.0 = y = 43.75 in. and
the aileron at y = 59.0 in. The presence of these surface dis-
continuities increased the viscous effects in the downstream

region of the wing, which would not be properly predicted by
an inviscid code. Local disturbances such as the presence of
tape on the model or inaccurate pressure taps are also possible
sources of discrepancies at individual data points. Also, the
sharp cusp presentat the trailing edge of the experimental wing
was difficult to model computationally; therefore, it is possible
that the experimental and computational geometries did not
match at the trailing edges.

The major differences between the experimental pressure
data and the computational results near the trailing edge are
likely caused by separation on the experimental wing. The
GTT experienced a gradual trailing-edge stall beginning near
the middle of the range of angles of attack investigated, char-
acterized by movement of the separated (stalled) region toward
the leading edge. A near-zero slope of the upper-surface C,
distribution near the trailing edge indicates flow separation.
For a 14-deg angle of attack, separated flow progresses from
x/c ~ 0.8 to 0.9. VSAERO assumed that the flow was attached
over the entire surface, because it was specified that separation
occurred only at the trailing edge.

The experimental and computational aerodynamic force and
moment coefficients as functions of o are compared for all
values of ¢ in Figs. 16-18. These figures reinforce the lack of
effect of variations in ¢ on the results. In Fig. 16, it is seen
that VSAERO overpredicted the lift coefficient by 35-100%
for lift coefficients from 1.4 to 0.1. This is consistent with the
findings of Margason et al.” The intersection of the lift curves
with the negative o axis indicates an effective Ao =~ 1.5 deg
(at C, = 0). It is likely that this difference is caused by several
effects. Local differences in o between the computational and
experimental models might have been because of geometrical
differences or an error in setting a for the experimental model.
In addition, viscous flow effectively increases airfoil thickness
with increasing chordwise position, which reduces camber and
lift. Also, viscous flow thickens the airfoil trailing edge, which
reduces the downwash angle and lift. The lift curves are
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-3.0 -
Cp -20F
A0F

Fig. 19 Computational pressure distributions for all configura-
tions for ¢ = 40 psf aty = 11.0 in. @ = a) 0 and b) 14 deg.
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slightly divergent. This is expected from pressure losses on the
experimental model due to trailing-edge separation, which is
not accounted for computationally. VSAERO’s boundary-layer
function was not used. Hence, the computations assumed that
viscous effects were negligible and that flow was attached over
the entire wing, resulting in greater lift.

Drag coefficient as a function of angle of attack is presented
in Fig. 17. Computational and experimental drag coefficient
data display good agreement for @ = 4 deg. It should be noted,
however, that computational values of C, only account for
induced drag (profile drag is not considered because VSAERO
assumes inviscid flow).

Figure 18 depicts the relationship of moment coefficient to
angle of attack. (Positive pitching moment is nose up.) The
line formed by the computational data has a lower slope than
the experimental curve, but, overall, the agreement with ex-
periments is good. A possible source of error between the com-
putational and experimental pitching-moment coefficients was
inaccurate specification of the moment center in the reduction
of the experimental force data.

Comparison of Computational Configurations

The purpose of the five computational configurations was to
determine to what extent the geometry of the experimental
(WBFT) configuration must be represented computationally to
give accurate predictions of surface pressure distributions and
lift, drag, and pitching moment coefficients. Figures 19-21
show the pressure distributions for the five computational con-
figurations at y = 11.0, 22.0, and 59.0 in., respectively, for
angles of attack of 0 and 14 deg. Results are shown for ¢ =
40 psf only. The wing pressure distributions for the five com-
putational configurations were nearly coincident. The most ap-
preciable differences occurred for the wing-only configuration
at y = 11.0 in. The wing-only configuration experienced a
slightly increased pressure coefficient on the lower surface for
o = 4 deg, in addition to increased suction on the upper sur-
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Fig. 20 Computational pressure distributions for all configura-
tions for ¢ = 40 psf at y = 22.0 in. « = a) 0 and b) 14 deg.
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Fig. 21 Computational pressure distributions for all configura-
tions for ¢ = 40 psf aty = 59.0 in. « = a) 0 and b) 14 deg.
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Fig. 22 Computational lift coefficient vs angle of attack for all
configurations for ¢ = 40 psf.

face for o« = 10 deg. This trend was most likely because of
the slight difference in the inboard geometry for the wing-only
configuration. The WBT configuration produced a slightly
higher suction peak than the other configurations for a = 14
deg beginning at y = 43.75 in.

The lift curves for the five configurations are shown in Fig.
22. The WBT configuration produced the highest lift-curve
slope, whereas the WBF produced the lowest slope. The WB
and W configurations induced similar lift-curve slopes. A com-
parison of C, data for the WBFT and WBT configurations in-
dicates that the presence of the wing fairing decreases the lift-
curve slope (=5 to 10% reduction at the highest a). This
conclusion also applies to the comparison of C, data for WBF
and WB configurations. As a result of viscous flow effects (not
modeled by VSAERO), a significant change in C,, would be
expected, but not in C,.
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Conclusions

VSAERO was used to obtain wing pressure distributions for
the full configuration of the GTT model with good results. The
code tended to overpredict the suction pressures on the upper
wing surface and underpredict on the lower surface, mainly
for the trailing-edge portion of the wing in both cases. The
code overpredicted the lift coefficient, as expected for an in-
viscid code, but modeled the lift-curve slope well. The trend
for the drag coefficient as a function of angle of attack was
predicted accurately for a = 4 deg. The pitching moment was
predicted accurately for nearly all angles of attack. It was
shown that the value of ¢ had little effect on the computational
and experimental results.

The wing-surface pressure distributions for the five com-
putational configurations were predicted well by VSAERO.
There were slight discrepancies for the wing-only configura-
tion at the inboard station. The WBT configuration produced
the highest predicted lift-curve slope, followed by the WBFT;
However, the overall trends were not greatly divergent.

The purpose of the five computational configurations was to
determine to what extent the geometry of the experimental
(WBFT) configuration must be represented computationally to
give accurate predictions of surface pressure distributions and
lift, drag, and pitching moment coefficients. The results herein
show that the geometrically complex wing fairing did not need
to be included to give accurate wing pressure distributions. In
fact, only the wing needs to be modeled if the region of interest
is fairly well removed from areas of potential wing/body in-
terference. The addition of the fairing made a significant dif-
ference in the calculation of the lift coefficient.
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