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Abstract

The application and validation of several computational aero-
dynamic methods in the design and analysis of transport aircraft
is established. An assessment is made concerning more recently
developed methods that solve three-dimensional transonic flow
and boundary layers on wings.

Capabilities of subsonic aerodynamic methods are demon-
strated by several design and analysis efforts. Among the examples
cited are the B747 Space Shuttle Carrier Aircraft analysis, nacelle
integration for transport aircraft, and winglet optimization. The
accuracy and applicability of a new three-dimensional viscous
transonic method is demonstrated by comparison of computed
results to experimental data.

L_Introduction

The present state-of-the-art in aerodynamic design requires
extensive configuration refinement through repeated wind tunnel
testing. This is costly, and time consuming; and it relies heavily on
the experience and expertise of the members of the design group.
Several key concerns exist regarding this practice: model mounting
support systems and wall interference effects cast doubts on the
accuracy of wind tunnel results at transonic speeds; limited
Reynolds number capability of existing tunnel facilities introduce
large risks in extrapolating wind tunnel results to full-scale con-
ditions; and current instrumentation and flow visualization tech-
niques provide only limited knowledge of the flow field around
the aircraft. It is becoming clear that these concerns are lessened
whenever applicable computational tools, viz., computer pro-
grams, are available. Considerable confidence in several of these
computational aerodynamic methods has been generated due to
their successful application in a wide range of design problems.
Consequently, these computational tools are now having a large
impact on current design of aircraft configurations. These methods
guide the engineer designer in achieving efficient integrated de-
signs, in gaining insight into complex flow fields, and in exploring
innovative configuration concepts,

A summary of some of the currently available computational
methods are presented, and examples are shown of their applica-
tion to a variety of aircraft design and analysis problems. Some
cases will illustrate how computational methods are able to solve
problems that are too difficult or too costly to accomplish by
wind tunnel testing. Other cases will show that computational
methods can provide a more comprehensive physical description
of the flow than can be obtained by testing, and also provide
meaningful results for achieving integrated designs.

1. Description of Computational Aerodynamics Methods

A large selection of computational methods are available that
have broad application to the analysis and design of transport air-
craft flying in the subsonic and transonic speed regimes. A thor
ough review of these methods will not be given here since the back-
ground literature is easily accessible. On the other hand, their main
features pertinent to the work presented herein are breifly dis-
cussed.

Three-Dimensional Potential Flow Method For Arbitrary
Configurations

A computational method has been developed at The Boeing
Company that can treat arbitrary three-dimensional potential
flows. {1, 2, 3) This is a linear method solving Laplace’s equation
satisfying exact boundary conditions. In this approach the velocity
potential at any point in a flow field is expressed in terms of the
induced effects of source and doublet {or vortex) sheets distributed
on the boundary surfaces. The configuration surfaces are divided
into panels, and hence, this approach has come to be known as a
panel method. Essentially, this is a general three-dimensional
boundary value problem solver that is capable of being applied
to most problems that can be modeled within the limitations of
potential flow. Compressibility effects are approximated by the
Gothert rule, and thus, analysis of transonic flows is not possible
with this method. Viscous effects can be represented by either
surface displacement or flow through the surface. This method is
ideally suited for analyzing complex aircraft configurations in
subsonic flow. )

Three-Dimensional Vortex Lattice Method for Arbitrary Con-
figurations .

A method based on vortex lattice theory has been developed
at The Boeing Company that can be applied to the combined analy-
sis, induced drag optimization, and aerodynamic design of three-
dimensional configurations of arbitrary shape. 4) Thisis a linear
method solving Laplace’s equation satisfying linearized boundary
conditions. Geometric and aerodynamic constraints can be imposed
on both the optimization and design processes. Lifting surfaces are
represented by multihorseshoe vortex lattices. The design and op-
timization processes utilize the method of Lagrange multipliers.
Although the method assumes incompressible flow, its ease of use,
computational speed (low cost), and design capability make it
particularly valuable in evaluating design variations, arriving at op-
timized configurations, and designing new wing camberline shapes.

Trefftz Plane Calculation of Induced Dr@g_

The classical method for estimating lift induced drag for an
airplane configuration is by analyzing the trailing vorticity in the
wake far downstream, i.e., in the so-called Trefftz plane.(5 ) The
popularity and accuracy of this method has led to its inclusion in
other methods, e.g., the vortex lattice method, and to several in-
dependent variations. Among the latter is 2 method which calcu-
lates lift and induced drag from sparse loading data.(6) This has
proven extremely useful in analyzing wind tunnel data. Another
variation of this method features nonplanar geometry capability
and an optimization option for computing the load distribution
for minimum induced drag subject to force, bending moment, and
pitching moment constraints.{7) Since this approach is capable of
handling wings with struts and nacelles, it has been used in con-
junction with subsonic panel methods that supply load informa-
tion on each of the configuration components.

Transonic Exhaust Flow Method

The transonic flow field about the aft end of an axisymmet-
ric exhaust nozzle can be calculated by a method that is based on
the small disturbance transonic flow equation expressed in cylin-
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drical coordinates.(8) Numerical solutions are obtained by finite
difference algorithms. This method computes pressure distribu-
tions on the internal and external nozzle surfaces, pressure dis-
tributions in the flow field, and the shape of the free jet boundary
between the external free stream and the exhaust jet. This ap-
proach has been used to model the aft end of an engine nacelle
including the fan and primary cowls. The resulting plume shapes
have been used in connection with three-dimensjonal potential
flow methods to represent the complete nacelle and exhaust
plume combination.

Three-Dimensional Transonic Potential Flow Methods

Several three-dimensional transonic potential flow methods
have been developed, by various organizations, which are able to
analyze either isolated wings or wing-fuselage combinations. 9,
10, 11, 12, 13)Eyaluation of these methods indicate that the
approach of using finite volume technique to solve the full tran-
sonic potential flow equation( 10) demonstrates the best agree-
ment between calculated and experimental results. This scheme
can be regarded as a finite element method, adapted to treat flows
having embedded supersonic regions. It is assumed that any shock
waves contained in the flows are weak enough that the entropy
and vorticity generated by the shock waves can be neglected. The
full potential flow equation is treated in conservation form, i.e.,
mass is conserved in each element. A shortcoming of the program
is that it is unable to treat arbitrary fuselage shapes. Nevertheless,
this method is proving to be an extremely valuable tool in analyz-
ing candidate wing designs and complementing test data.

A method based on transonic small disturbance formulation
{11) has also demonstrated its usefulness, inasmuch as arbitrary
fuselage shapes can be modeled by incorporating analysis provided
by subsonic panel methods.(14) This program is currently under-
going further extension to include the capability to handle strut
mounted underwing nacelles, and wing-winglet configurations. Un-
fortunately, the small disturbance assumption is not generally
applicable to transport wings, which are relatively thick and char-
acterized by blunt leading edges.

Three-Dimensional Boundary Layer Method

A three-dimensional boundary layer method has been de-
veloped at The Boeing Company that can analyze either laminar or
turbulent compressible flows on finite swept wings.{15) The
method uses an implicit finite difference technique to solve the
boundary layer equations. In the turbulent case, a simple eddy
viscosity model is used for the turbulent shear stresses. This model
can either represent isotropic or nonisotropic eddy viscosity.

The boundary layer method requires that an outer (inviscid)
flow description be provided as input. To this end, the three-
dimensional transonic potential flow method (10 mentioned above
is generally used. An interface program constructs the working
boundary layer grid used for the analysis and interpolates the
velocity components from the potential flow program into the
boundary layer grid. The inclusion of this boundary layer tech-
nique into the analysis of future transport aircraft wings not only
provides for a better representation of the real flow field for de-
termining wing pressures, but also, enables more accurate drag
estimates to be made.

III. Application of Methods

Panel Aerodynamic Methods

Panel aerodynamic methods have been used at The Boeing
- Company for the past decade. During this time period, the panel
method has been validated as a very reliable tool in predicting the
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aerodynamic characteristics of airplanes operating at subcritical
Mach numbers. One of the most impressive examples of its use
was on the initial design phase of the B747 Space Shuttle Carrier
Aircraft (SCA).( 16) The initial design phase was to define the
modifications needed to accomplish the following missions: to
ferry the Space Shuttle Orbiter; to air-launch the Orbiter; and to
ferry the external fuel tank. To keep the cost of the program to
a minimum, panel methods were extensively used to investigate
the Orbiter attitude during the ferry mission, the Orbiter trajec-
tory and attitude during the launch test, and the external tank
location and attitude during its ferry mission. At the conclusion
of the design phase, the final selected configurations were tested
in the wind tunnel to verify predictions.

A typical example of a paneling scheme of the B747 with
the Space Shuttle Orbiter is depicted in Fig. 1. In this example,
the Orbiter incidence angle was 8° with respect to the B747 ref-
erence plane, The predicted lift coefficient, Cy , as a function of
wing angle— of - attack, Oy, for this configuration is shown in
Fig. 2. The Mach number, M, is 0.60. The agreement between the
analyses and wind tunnel data shown in this figure is excellent.
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Figure 2 B747-Orbiter Lift Coefficient

The panel methods can be used to calculate the induced drag
by integrating the surface pressures of the wing. The mutual in-
terference between the two vehicles (expressed by the difference
in induced drag of the combined configuration with respect to
the sum of the component parts, ACDInstalled) as a function of
angle— of— attack as predicted using the panel method is portrayed
in Fig. 3. This result was later verified by wind tunnel test data.
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Figure 3 B747-Orbiter Interference Drag Comparison
with Wind Tunnel Data

The second mission of the SCA was to provide an air-launch
platform for testing the gliding characteristics of the full-scale
Orbiter. The B747 wing load distribution during the critical separa-
tion maneuver is depicted in Fig. 4. In this figure, 1] is the frac-
tional semi-span, and thus, M = 0 denotes the body centerline, and
"= 1 specifies the wing tip. '
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Figure 4 B747 Wing Span Loading During Separation

The third mission requirement was to ferry the external fuel
tank of the main booster rocket on top of the B747 SCA from
the factory to the launch platform. One of the major concerns
with this configuration was its stability along each of three sta-
bility axis. The predicted and measured directional stability of the
B747 SCA with and without the external tank are shown in Fig. 5.
The test data substantiated the predicted trends up to a side slip
angle, {3 , of about 5°. Note that the tank contributes a large de-
stabilizing effect on the total configuration that would have made
the configuration unflyable without the addition of vertical fins
on the horizontal tail.
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Figure 5 = Effect on Tank on 8747 Directional Stability

263

Winglets

Continuing escalating fuel and aircraft operational costs have
brought to the forefront the need to improve aircraft cruise
efficiency. One of the most attractive concepts to achieve this
goal is that of winglets. The possibility to achieve significant
performance improvements with these devices has been demon-
strated on several transport type configurations.(”’ 18, 19) The
application of the vortex lattice method, together with the three-
dimensional potential flow and induced drag programs provide a
powerful analytical capability for the design and analysis of wing-
let configurations. The procedure and its validation by comparison
to wind tunnel results for the B747-200 and KC-135 cruise config-
urations have been detailed in Reference 20.

The general technique employed in designing winglets is to
use the vortex lattice method to calculate the winglet camber and
twist to achieve the largest reduction in induced drag at cruise lift.
The resulting designed configuration is then analyzed using the
panel method. Sample comparisons between measured and pre-
dicted pressure distributions for the KC-135 tanker aircraft are
shown in Fig. 6. In this ﬁgure,g is the fractional distance along
the winglet. The good correlation shown here has also been ob-
tained on other configurations studied for similar subcritical, un-
separated flow conditions. Test-theory comparisons of the KC-
135 cruise performance improvements due to winglets are shown
in Fig. 7. The percent increase in wing root bending moment,
AWRBM, as a function of airplane lift coefficient, Cy, is shown
at the top of this figure; the predicted and measured increment
in drag coefficient, ACD, as a function of Cy is portrayed in the
lower left of this figure; and, the improvement in airplane per-
formance in terms of the variation of airplane range factor, M(L/D),
with Mach number is depicted at the right of this figure. The
agreements are reasonably good and within the accuracy of
measured wind tunnel data.
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Upon achieving a satisfactory winglet design based on cruise
conditions, it is possible to further use the three-dimensional po-
tential flow panel method to evaluate the configuration under
other operating conditions, e.g., during takeoff and landing. The
interest in these cases would be to determine if the winglets caused
any adverse low speed characteristics. It has been noted that lift
coefficients produced by winglets are proportional to lift coeffici-
ents produced by the wing. For modern technology high lift sys-
tems, the winglet section lift coefficient, Cg , during takeoff and
landing could exceed 1.3. Consequently, the winglet flow would
separate. Although the computational methods are unable to
model separated flows, they are able to suggest the general trend
of the configuration performance under such conditions.

An evaluation of the takeoff performance of the KC-135
winglet configuration described in the previous example is shown
in Figs. 8 through 11. The panel representation of the configura-
tion studied is shown in Fig. 8. The exterior of the wing, includ-
ing flaps, were represented by source panels, while the camber-
line was modeled by multihorsehoe vortices. For a flap setting
of §f=30°, corresponding to takeoff conditions, the effect of
winglets on the chordwise pressure distribution on the outboard
wing are shown in Fig. 9. Evidently, the pressures on the wing
were not adversely affected by the winglet. The pressure peaks
at the leading edge of the wing were slightly reduced, since wing-
lets cause the outboard wing to carry more lift at a given angle-of-
attack. Conversely, the pressure peaks at the leading edge of the
winglet are excessive, and significant low speed performance gains
could be obtained by incorporating a leading-edge device on the
winglet, or by redesigning the winglet to incorporate more leading-
edge droop at some cruise drag penalty. A comparison of wind
tunnel data to computed winglet pressures is shown in Fig. 10.
The agreement is surprisingly good considering that flow separa-
tion seems to have occurred on the winglet as evidenced by the
level of the pressures at the trailing edge.
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Figure 8 Potential Flow Modeling of Wing and Winglet
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The reduction in induced drag due to winglets at flap deflec-
tions representative of takeoff and landing conditions is shown in
Fig. 11. Results obtained by two analytical methods are compared
to experimental results in this figure. The induced drag values for
the lower curve were calculated by Trefftz plane analysis of the
span load obtained from the panel method. Induced drag depicted
by the upper curve were calculated from the vortex lattice pro-
gram, At lift coefficient values where the flow is still attached, the
theoretical results agree well with experiment. The agreement
tapers off at the higher lift coefficients as flow separation on the
wing and winglet progressively worsens. Whenever viscous effects
dominate, the magnitude of the drag reduction was not accurately
predicted. Nevertheless, the trend was correctly calculated.
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Figure 11 Low Speed Predictions for KC-135A with Winglets

Nacelle Installation Analysis

Trends in advanced engine technology are toward higher by-
pass ratios, mixed flow exhausts, and quieter nacelle designs. To
integrate these larger diameter, longer cowls to the airframe, with-
out introducing substantial penalties in structural weight and in-
terference drag, requires careful tailoring of the nacelle, strut, and
airframe. The subsonic, inviscid panel methods have been applied
to underwing pylon-mounted naceles to determine the sources of
drag of such installations, and to define nacelle and strut shapes
that reduce the pylon-nacelle interference drag.(21 The capa-
bility of the panel methods to provide a detailed definition of
surface pressure data, as well as flow field data, necessary for the
understanding of such difficult flow problems is illustrated in Fig.
12. To obtain the same type of information by wind tunnel test-
ing would require an extremely dense array of static pressure taps.
The cost of such testing would be prohibitive. The detailed flow



information obtained by the isobar patterns shown in Fig. 12 is
extremely useful for diagnosing the design for possible flow prob-
lems, for providing loads data information, and for indicating flow
field characteristics for evaluating the impact on engine perfor-
mance. :
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Figure 12 Calculated Isobars for Outboard Engine
Installation on 8747

A procedure was devised to use the axisymmetric transonic
jet plume program in such a way that the effect of the pylon bi-
furcator in the fan exhaust could be predicted. The three-dimen-
sional plume shape resulting from this procedure can then be used
in the three-dimensional panel method. Typical results comparing

_calculated and experimental nacelle pressure using this technique
are shown in Fig. 13. The excellent agreement exhibited in this
figure is representative of underwing pylon-mounted nacelles
where transonic local flow and viscous effects are small.
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Figure 13 Comparison of Analysis with Three-Dimensional Plume
To Test for Installed Power Nacelle

Emphasis has been placed on analytically determining the in-
terference drag on current transport type configurations. Installa-
tion of an advanced technology engine on the B747-200 was selec-
ted to validate the accuracy and applicability of the method. The
most significant finding was that engine installation drag was pre-
dicted well by the analysis, and that most of the interference drag
is due to the distortion in the spanload distribution caused by the
induced flow field created by the nacelle on the wing. The effect
of the outboard engine installation on the B747 obtained by
theory is compared to the calculated spanload obtained by experi-
ment in Fig. 14. The significant loss in lift due to the outboard
nacelle installation is well predicted by theory. The comparison of
the nacelle increment drag obtained by analysis and by testing for
three different nacelle-strut installations is shown on the right-hand
side of Fig. 14. The analysis data falls well within the accuracy of
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Figure 14 Analysis of B747 SP Wing Loading and Nacelle Drag

the experimental data. The drag increment due to the nacelle in-
cludes both profile drag and induced drag calculations. Profile
drag was calculated by using the surface pressures calculated by
the panel method as inputs to a two-dimensional boundary layer
program. Induced drag was calculated by using the spanload ob-
tained by the panel method as input to the Trefftz plane analysis
method. It is important to note, that the majority of the nacelle
interference drag (nacelle drag increment minus profile drag) re-
sulted from the change in span loading, Once the major cause of
nacelle interference drag was identified, the approach became to
design, by analysis, a nacelle that would not have a detrimental
effect on wing spanload and thus reduce the induced drag. The
aim was to shape the nacelle in such a manner that when placed
under the wing, it would not create a distortion in the basic
wing-body configuration spanload. The vortex lattice program
was used to analyze nacelle position and orientation. The results
of the analysis indicated that by tilting the axisymmetric nacelle
down by 6°, no load would be induced on the wing (see Fig. 15).
Since this was an impractical solution, an alternative approach was
to shape the nacelle such that at 0° tilt it would generate the same
negative nacelle lift as the axisymmetric nacelle at 6° tilt down.
Through an iterative process, using the vortex lattice program,

the nacelle shape shown in Fig. 15 was selected. This nacelle does
not distort the span load and, thus, greatly reduces the interfer-
ence drag due to the engine installation. Analysis also indicates
that favorable interference due to. the nacelle can be realized by
cambering the nacelle strut to generate an outboard load in a man-
ner analogous to a winglet.
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Figure 15 Effect of Cow! Shape on B747 Wing Loading

The nacelle shaping concept has been applied to the design
integration of a new advanced technology engine to the B707-
320 airplane. The new engine is very large in diameter, must be
mounted close to the wing for ground clearance, and has a long
duct that places the fan cowl very close to the leading edge of the
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wing. The top right-hand side of Fig. 16 shows the geometry com-
parison between the original nacelle and the new advanced tech-
nology nacelle. Force data shown at the bottom left-hand side of
Fig. 16 shows that the new nacelle incurs a smaller interference
and blowing drag than the original.
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Figure 16 Nacelle Installations

This successful nacelle integration could not have been
achieved using previous design techniques, which rely heavily
upon past trends of aircraft. For example, the right side of Fig.

16 shows the established trend of nacelle placement with respect
to the wing that achieves minimum nacelle integration drag. Since
data for successful transport aircraft fall below the trend line, po-
sitioning a nacelle above this line would have suggested that a large
drag penalty would have been incurred. However, the analysis
allowed development of a satisfactory design.

Transonic Wing Analysis

The validation of three-dimensional transonic potential flow
methods has been reported recently in several papers, e.g., see Ref-
erences 22, 23, 24, and 25, to name a few. During the application
of the finite volume transonic method at Boeing, it was found that
the number of iterations used to solve the finite difference equa-
tions had a more pronounced influence on the accuracy of the so-
lution than had been previously estimated. Since the number of
cumulative iterations used within the program is proportional to
the cost required to perform an analysis, the number has been
generally limited to 100, as recommended in Reference 10. How-
ever, the number of iterations used to complete a solution has a
dramatic influence on the resulting wing chordwise pressure distri-
butions and on the spanwise lift, drag, and pitching moment distri-
butions. An example of this effect on the wing chordwise pressure
distribution is shown in Fig. 17. The analysis was done for a free-
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Figure 17 Effect of Iterations on Chordwise Pressure Distribution
Calculated using the Three-Dimensional Transonic
Potential Flow Method.

stream Mach number of 0.84 and a wing 1ift coefficient of 0.53.
Although the wing’s lower surface pressures change only slightly
while iterations increased from 50 to 400, the upper surface pres-
sures vary significantly, especially in the region of the shock. The
solution is apparently converging, since the changes in the pressure
distributions diminish with increasing iteration number.

The viscous displacement effect of the three-dimensional
boundary layer over the wing surface must be taken into account
in order to produce accurate performance characteristics. The
coupling of the three-dimensional boundary layer method{15
with inviscid potential flow programs provides the capability for
better wing design, for diagnosis of specific wing design problems,
and for evaluating the wing performance beyond the Reynolds
number range of present wind tunnels. An interface program was
developed that supplies grid geometry and outer flow boundary
conditions inputs to the boundary layer program. The outer flow
description is obtained either from the three-dimensional transonic
flow method (10} or from the panel aerodynamics method.{1) An-
other interface program interpolates the boundary layer results
back to the potential flow grid, and thereby, it is possible to cycle
several times between viscous and inviscid programs. The major
interfaces between these methods are illustrated in Fig. 18.
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Figure 18 lilustration of Major Interfaces Involved in the
" Calculation of Three-Dimensional Boundary
Layers on Wings

The coupled boundary layer-potential flow method was ini-
tially validated by a comparison with boundary layer measure-
ments on a 45° swept wing of constant chord, and aspect ratio,
AR, of 5.(26) The upper portion of Fig. 19 shows the location on
the planform of the boundary layer profile measurement stations.
The potential flow was analyzed using the subsonic panel method.
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Figure 19 Three-Dimensional Boundary Layer Correlations
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Velocity profile comparisons are shown in the lower portion of
Fig. 19 for inboard and outboard stations at 80% chord and for an
angle-of-attack, & , of 6.3°. The small disagreement at the outer
edge of the layer represents the discrepancy between the potential
flow analysis and the measured outer flow. Note that the velocity
magnitudes are normalized by the far-field value, and thus, they
do not approach 1.0 with increasing height. Within the layer, the
agreement is good, considering the limitations of the eddy viscosi-
ty model at such low Reynolds number, viz., Re = 2.1 x 105, This
was one of the first test cases used to validate the method, and
only one inviscid-viscous cycle was conducted. Additionally, the
location of the boundary layer transition was not reported pre-
cisely for the experiment and had to be assumed for the analysis.

It has been found that a number of cycles between the tran-
sonic potential flow program and the boundary layer program is
necessary to achieve a satisfactory converged solution, i.e., until
the pressure distribution and the boundary layer displacement
thickness, §* do not change significantly between cycles. Also,
as the cumulative number of iterations within the transonic pro-
gram increases, the shock wave pattern becomes better defined. As
the shock wave sharpens up, it becomes necessary to run the boun-
dary layer analysis often enough so that it can react along with the
changing pressure distribution. The effect of the number of itera-
tion cycles on the chordwise pressure distribution and displace-
ment thickness is shown on Fig. 20. Shock location and the pre-
dicted boundary layer separation line are also shown in this figure.
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Figure 20 Typical Results of Three-Dimensional Transonic
Potential Flow/ Three-Dimensional Boundary
Layer Interactive Procedure

A comparison of pressures calculated by the coupled viscous-
inviscid method to those obtained from wind tunnel testing of an
advance technology wing are shown in Fig. 21. The general trends
of the measured pressure distributions are matched by the theory.
However, the lower surface pressure level is surprisingly not well
predicted. This apparent shift in lower surface pressure level has
not been reported by others, and the cause for this level shift is
unknown at this time. In addition, the sections near the side of the
body show higher surface velocities for the test data compared to
predictions. This may be due to high velocities induced on the
wing by the presence of the body. The cylindrical body option
of the transonic potential flow method has not yet been satis-
factorily checked out, and consequently, it is not utilized. A
simple reflection plane is assumed at the side of the body, which,
of course, does not account for the presence of the body at all.

The test-theory comparison of spanwise liﬁ and moment dis-
tribution at Mach of 0.84 is portrayed in Fig. 22 for the same ad-
vanced technology wing mentioned above. The shape comparison
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for the lift distribution appears good, however, the theoretical
level is high due mainly to the lack of correlation on the lower sur-
face pressures. The pitching moment distribution comparison
shows good correlation between theory and experiment.

M =84
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PRESSURE DISTRIBUTIONS

Figure 21 Comparison of Experimental and Theoretical
Pressure Distributions
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Figure 22 Section Lift and Moment Test-Theory
Comparison, M = .84

The test-theory comparisons for the spanwise integrated val-
ues of wave and profile drag and for the spanwise variation of pro-
file drag are depicted in Fig. 23. Profile drag was calculated by
applying the Squire-Young formula {27) along the wing trailing
edge. Only the streamwise components of the trailing edge veloc-
ity profiles are used in this formulation. Wave drag was calculated
from the transonic potential flow program; measured wave drag
was obtained by extracting the wave drag contribution from wake
profiles measured in the wind tunnel, e.g., see Fig. 24. Measured
and calculated profile and wave drags compare reasonably well as
indicated in Fig. 23. The capability of estimating the spanwise
variation of wing drag components, as presented above, identifies
the critical wing design regions and allows for proper wing modi-
fication with reasonable assurance of success.

The drag polar comparison between wind tunnel measured
lift and drag and that calculated by the coupled viscous-inviscid
method is shown in Fig. 25 for Mach numbers of 0.70 and 0.84.
Results were calculated for three angles-of-attack for each Mach
condition. A constant drag increment was added to the theoreti-
cal data as an estimation for body and model mounting system
effects. The comparison shows that the general trends of the test
curves are predicted by the theory, however, exact agreement is
not obtained, since the fuselage could not be included in the theo-
retical model.
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IV. Concluding Remarks

The significant advances that have been made in computa-
tional fluid mechanics are having considerable impact on the aero-
dynamic design process. Subsonic panel methods, when used with-
in their limits of application, provide valuable insight into complex
flow fields, guidance for achieving integrated designs, and ability
to explore innovative configuration designs. The use of these

methods can substantially increase airplane performance capabili-
ties. The integrated computer program system to analyze transonic,
viscous flows over transport type wings has emerged as a very im-
portant tool to support the wing design process, and to support
diagnostic investigation of the wing performance.

Rewarding as the accomplishments in computational aerody-
namic design have been, much work remains yet to be done. In the
panel methods, work is underway at Boeing in the Panel Aerody-
namics System (PAN AIR). This will greatly simplify the user’s
imput and output data manipulation and reduce computer costs.
The three-dimensional transonic potential flow methods need to
be expanded to include the complete configuration. The three-
dimensional boundary layer method needs to be enhanced to
incude the fuselage, to account properly for shock-boundary layer
interaction, to include the interaction effects associated with the
viscous flow in the region of the trailing edge and near wake, to
handle surface intersection problems, and to analyze separated
flows.

The coupled three-dimensional transonic viscous-inviscid
method has emerged as the most significant tool for the analysis
of transport wings at transonic flow conditions. However, this
integrated system of computer programs is only operational with-
in the applied research environment and not in the project engi-
neering area, since considerable skill must be developed by the
users. The vast amount of data evaluation and transfer between the
various component programs precludes new users from becoming
suitably proficient in its operation in a short period of time. More-
over, the entire process is severely hampered by the excessive flow
time (time from initiation to completion) and high computational
cost of completing an analysis. For example, the advanced tech-
nology wing discussed herein was designed (using subcritical analy-
sis methods and inhouse wing design procedures}, a model was
built that incorporated eight rows of static pressure taps, and a
wind tunnel test was completed that included the measurement of
forces, pressures, and wake rake data in a shorter time period and
at approximately the same cost as it took to obtain the analytical
data. From the design engineer’s point of view, the easy prepara-
tion of input data, the visibility of output, and the flow time re-
quired to obtain the final results are just as important as the al-
gorithms used to calculate the numbers. Furthermore, the extreme-
ly high cost of running these new methods limits their usability to
complement and enhance the results obtained experimentally.

The long flow time and high computer costs of the new meth-
ods need significant improvements if these methods are to be used
in the engineering environment to support and guide the evolution-
ary design process in a timely manner. If these enhancements are
not included in these methods, we may never experience a reduced
reliance on the wind tunnel in airplane design as many computer
experts suggest. Instead, these new analytical capabilities will be
continually relegated to the applied research environment rather
than the project engineering area.
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