NASH TM-S005s

UHDURIIAIT  ~asA Technical Memorandum  so0s8

NASA-TM—80088 19790022971

- COMPARISON OF THREE-DIMENSIONAL PANEL
METHODS WITH STRIP BOUNDARY-LAYER
SIMULATIONS TO EXPERIMENT

Scott 0. Kjelgaard and James L. Thomas

For Rurprpncy
-“.“

Nor
July 1979 TO BE TAKEN FROM 72115 Roop

LIBRARY £3BY

UG 2 U 197§

NMA LANGLEY RESEARCH CENTER

National Aeronautics and LIERARY, NASA
Space Administration HAMPTON, VIRGINIA

Langley Research Center
Hampton, Virginia 23665

NFOO646



SUMMARY

The results from several three-dimensional surface panel
methods coupled on a streamwise strip basis to two-dimensional
boundary-layer methods have been compared to experimental data.
Several different boundary-layer simulations were investigated; the
results indicated that either a transpiration or camber-line
displacement simulation gave comparable boundary-layer effects
which converged to the expected two-dimensional result with
inecreasing aspect ratio. The method was applied to several varied
configurations for whiech, in general, the lift predictions agreed
well with an approximate method based on correcting the inviseid
1ift using the two-dimensional section viscous characteristics.

The wing pressures and the effect of the boundary layer on the wing
pressures were predicted with reasonable accuracy.

INTRODUCTION

At subsonic speeds, surface panel methods applicable to
general configurations have been developed to evaluate the inviscid
aerodynamic characteristies. Three-dimensional boundary-layer
methods for general configurations have been developed but are in
an early stage of development as compared to two-dimensional
boundary-layer methods. Two-dimensional methods have been used
extensively and require only a fraction of the computing times of
the three-dimensional methods. As an initial evaluation of viscous
effects on moderately high aspect-ratio wings, two-dimensional
boundary-layer methods applied along streamwise strips can provide
an estimate of the boundary-layer characteristies. Such methods
have been developed and applied such as in references 1 to 3.

There are several different ways to simulate the boundary
layer with an inviscid-flow model, including the two most common
which are: (1) displacement of the inviseid surface based on the
boundary-layer displacement thickness and (2) specification of non-
zero normal velocities on the inviscid surface. The simulations
are based on modeling the outflow at the edge of the boundary layer
in the inviscid-flow solution. Both approaches are equivalent
theoretically, but the second simulation is recognized as the most
efficient computationally since the geometry remains unchanged,
especially if considering iteration between the inviscid and
boundary-layer solutions in three dimensions. However, quite dif-
ferent boundary-layer effects between the various simulations have
been reported in the literature by previous investigators (refs. 1

to 3).
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The purpose of this investigation is to compare the alternate
methods of boundary-layer simulation so that these differences can
be understood. Also, several inviscid panel methods coupled on a
streamwise strip basis to two-dimensional boundary-layer methods
are applied to several configurations to assess the prediction
accuracy and sensitivities of such an approach.

SYMBOLS

AR planform aspect ratio, b2/S

b wing span, m

c chord, m

¢ mean aerodynamic chord, m

) section 1lift coefficient based on local chord,
Section lift/q_c

cza section lift-curve slope, (acl/aa), per deg

CyL total 1ift coefficient based on wing planform area,
Total 1lift/q_8S

Cy, total lift-eurve slope, (0CL/da), per deg

Cm total pitching-moment coefficient based on wing planform
area and mean aerodynamic chord, Total pitching moment/
q,Sc

Cp pressure coefficient, (p - p_J)/q_

ko section lift-loss ratio, two-dimensional boundary-layer

lift increment divided by the two-dimensional inviscid
lift, (cz,p - cz’v)/cz’p

ks total lift-loss ratio, three-dimensional boundary-layer
1ift increment divided by the three-dimensional inviseid
lift, (CL,p - CL’v)/CL,p

k3a approximate total lift-loss ratio (kgg = kg CLa/cla)
M Mach number

p pressure, Pa

q dynamic pressure, Pa

RN Reynolds number based on mean aerodynamic¢ chord



x/ec

XMC

z/e

S *

A
A

Subsecript
c/4
exp

p

root

[~ -]

Notation:

BL

surface distance in the streamwise direction, m or wing
planform area, m

inviscid velocity magnitude, m/sec:

inviscid velocity magnitude normal to the surface (Vy = 0
in inviseid flow; Vy = 90(Us*)/0S using transpiration
simulation)

longitudinal location,!fraction of chord

longitudinal moment center location, fraction of mean
aerodynamie chord

airfoil coordinate perpendicular to chord line, fraction
of chord

angle of attack, deg

boundary-layer displacément thickness, m
planfofm dihedral angle, deg

spanwise location, fraction of semispan
planform taper ratio

planform sweep angle, deg

s:

quarter chord

experimental

inviseid result

root chord

viscous result, obtained either from experimental data or
from inviscid method plus strip boundary-layer simulation

free-stream conditions

boundary layer



DISCUSSION
Approximate Effeet of Strip Boundary Layer

Before discussing the results comparing various boundary-layer
simulations, it is useful to estimate the effect of a streamwise
strip boundary-layer simulation on the 1ift of a three-dimensional
wing. The effect of the boundary layer is generally to reduce the
lift. A parameter used below to quantify that effect is the
boundary-layer lift-loss ratio (kg in two dimensions and k3 in
three dimensions) which is the loss in lift coefficient attributed
to the boundary layer divided by the inviscid lift coefficient.

The k9 and kg expressions are:

¢9.p Co.v Co.p CL.vy
kg = C4,p 3 k3 = CL,p

The ey p or Cp,p values are obtained from an inviseid solution,
and the ey ,y or Cr,y values are obtained either from experimen-
tal data or from an inviscid solution with a boundary-layer simula-

tion.

The strip boundary-layer assumption should be valid only for
wings of moderately high aspect ratio and relatively low sweep and
taper. For such wings, the local Reynolds number is roughly
constant across the span. Also, the chordwise pressure distribution
at any span station is similar to that on the two-dimensional sec-
tion if comparisons are made at the same section lift coefficient.
The inputs to twodimensional boundary-layer methods consist pri-
marily of Reynolds number and a pressure coefficient versus arec
length distribution, so that the computed three-dimensional section
boundary-layer characteristies would be very similar to those of
the two-dimensional seetion, corresponding to the same section lift
coefficient.

The effect of the boundary layer on the two-dimensional invis-
cid flow can be treated as a local uncambering effect which is a
function of the section inviscid 1ift. On a three-dimensional
wing, the two-dimensional effect of the camber change is modified
by the finite wing such that the two-dimensional 1ift change is
reduced roughly as the ratio of the three-dimensional to the two-
dimensional lift-curve slope.

Under the assumption of a constant section 1lift coefficient
spanwise, the total lift-loss ratio, k3, can be given as a function
of the two-dimensional section lift-loss ratio, kg. The resulting
approximate value of the total lift-loss ratio is denoted k3g and.
is given as



Thus, the total lift-loss ratio using the strip boundary-layer
assumption should generally be less than the corresponding section
lift-loss ratio and should converge to the section lift-loss ratio
as the aspect ratio is increased. For experimental total lift-loss
ratios in excess of the section lift-loss ratio, it is presumed
that the assumptions of a strip boundary-layer representation are
not valid for the experimental test conditions.

General Comparisons of Boundary-Layer Simulations

For two-dimensional airfoil analyses, there are a large number
of computer programs available which simulate the boundary layer
with an inviscid-flow model. At least three different simulations
have been used including: (1) displacement of the invisecid surface
a distance * normal to the surface; (2) specification of nonzero
normal velocities on the inviseid surface (transpiration); and (3)
displacement of the inviscid camber line only based on the ¥
distribution. In two-dimensional applications, all of the
approaches have given results in agreement with each other and with
experimental data.

In three-dimensional applications, several different results
have been reported in the literature (refs. 1 to 3) as described
below. In reference 1, a finite-difference method for two-
dimensional boundary-layer analyses was coupled to a three-
dimensional potential-flow analysis method developed previously
(ref. 5). Both a transpiration and surface displacement method of
simulation were used with the result that the surface displacement
simulation agreed best with the experimental data and produced a
much higher 1lift loss than the transpiration simulation. The
investigators of reference 2 coupled an integral method for infi-
nite swept-wing boundary layer analyses to a potential-flow method
similar to that of reference 5 except for a slightly different
Kutta condition. Only the transpiration method of simulation was
used, and results were obtained similar to those of reference 1
using transpiration. The investigators of reference 3 coupled an
integral method for two-dimensional boundary-layer analyses to the
potential-flow analysis method of reference 5. They used a
transpiration simulation, but obtained boundary-layer 1ift losses
much greater than the transpiration simulations of either reference
1 or 2. For a 450 swept-wing test case analyzed previously in both
references 1 and 2, the investigators of reference 3 obtained
results which agreed very well with the experimental data and the
surface displacement simulation of reference 1. Reference 3 thus
supposedly proved the equivalence of the transpiration and surface
displacement simulations but offered no explanation for the poor
results using transpiration obtained in references 1 and 2. These
different results led to the present investigation.



A computer program was coded which coupled the integral method
for two-dimensional boundary-layer analyses used in reference 4 to
either the potential-flow panel method of reference 5 or the more
recently developed method of reference 6. The purpose was to check
the results in references 1 to 3, that is, the boundary-layer
characteristies and the implementation of the first two simulations
mentioned above. Comparisons were made with results from the com-
puter program of reference 1. The computed boundary-layer charac-
teristies from reference 1 were checked with calculations using the
method of reference 4 and were found to be very similar. The
general results of applying the various simulations to several test
cases are discussed below and are followed by specific results for
a 450 swept-wing case analyzed in references 1 to 3.

Simulation of the boundary layer using transpiration with
either of the panel methods of reference 5 or 6 gave similar
results to the transpiration simulations of references 1 and 2.
The predicted lift-loss ratios were in good agreement with the
expected approximate result given above and agreed with a simula-
tion based on camber-line-only displacement. Simulation of the
boundary layer using surface displacement in the panel method of
reference 5 gave results similar to the surface displacement simu-
lation of reference 1 as expected; however, the predicted 1lift
losses were much higher than the expected approximate result using
the two-dimensional section characteristics.

The difference in airfoil shape between the surface displace-
ment and camber-line displacement simulations used above consists
of a thickness distribution equal to the average of the upper and
lower surface displacement thicknesses; the effect of suech a sym-
metrical thickness contribution on the 1lift should be small. Since
the inviseid method of reference 5 has been used successfully for a
number of years in analyzing airfoils of zero trailing-edge thick-
ness a possible cause of the ceconflieting results is that the
inviscid-flow model used in reference 5 does not account consistent-
ly for an airfoil with a finite thickness trailing edge. Such an
airfoil always occurs when using the surface displacement simula-
tion as the upper and lower surfaces are moved normal to the sur-
face a distance equal to the upper and lower displacement thick-
nesses, respectively. A series of two-dimensional cases, some of
which are shown below, were analyzed to investigate this possibility.

Many airfoils, such as the NACA 4-digit series of airfoils, as
defined have finite thickness trailing edges. Inviseid incompress-
ible section 1ift calculations at a = 59 using the panel method
(low order source) corresponding to that in reference 5 are shown
in table 1 for the NACA 0012 airfoil. Results are also shown for a
thinned version of that airfoil obtained by removing the trailing-
edge thickness linearly as a function of x/e¢ (thus leaving the
camber line unchanged). Comparison calculations are also shown for
the higher order source panel method of reference 7 and from the
finite difference method of reference 8. The panel method results



for the thinned version of the airfoil agree very closely with the
finite difference result. The finite difference method predicts
almost identical lift for the airfoil as defined and the thinned
version as expected. However, both panel method results for the
airfoil as defined are low; the two panel methods also seem to be
converging to different values of section 1ift coefficient.

The NASA LS(1)-0417 airfoil section (formerly the GA(W)-1) as
defined in reference 9 has a cusped, finite thickness trailing
edge. Inviscid incompressible section lift calculations at «a = 00
are shown in table 2 for the airfoil as defined and a thinned
version with the trailing-edge thickness removed as above. The
panel method results for the thinned airfoil agree reasonably well
with the finite difference result, but again, both panel method
results for the airfoil as defined are low. The input coordinates
used in the analyses are those given in reference 9; the panel
method results could be improved slightly by distributing the
points in a more optimum fashion, especially near the trailing
edge, but it is believed such a modification would not improve the
finite-thickness trailing edge results significantly.

A particular case in which the three-dimensional 1ift loss
using surface displacement was much greater than expected was a
high-aspect-ratio rectangular wing of NACA 0012 section. Two-
dimensional comparisons of the different simulations are discussed
below.

In order to compare the different simulations more directly, a
thinned version of the NACA 0012 airfoil was analyzed using the
computer program of reference 4 at a Ry of 3.0 million and a = 59,
The predicted inviscid 1lift coefficient is cg,p = 0.604; the 1ift
coefficient after multiple iterations between the inviseid and
boundary-layer solutions is cp,v = 0.559. The 1lift coefficient
after a single iteration is ey y = 0.545. Note, most of the effect
of the boundary layer is obtained after a single iteration as is
assumed in reference 1. The defining airfoil coordinates, inviscid
velocities, displacement thicknesses as computed on the first
iteration from the inviscid velocities, and normal velocities
corresponding to a transpiration simulation are given in table 3.
Given in table 4 are the airfoil coordinates corresponding to
surface-displacement and camber-line displacement simulations and
which were generated using the information in table 3. Results
from using the three simulations in the panel methods of references
5 and 7 are shown in table 5. Displacement simulation results
using the finite difference method are also shown. All of the
simulations predict section lift-loss ratios in the range of 0.07-
0.12 except for the surface-displacement simulation using the panel
method of reference 5. Note that for this case, the surface-
displacement simulation using the higher order source panel method
appears reasonable, but the results in tables 1 and 2 indicate that
this may not always be the case.



For results using the panel methods of references 5 and 7, no
special handling of the trailing edge was done--the gap between the
upper and lower surface trailing edges was left unpaneled. An
inviscid-flow model of the finite-thickness trailing edge, such as
the model in reference 10 which simulates a separated-base type of
flow, seems to be required for consistent results. The unpaneled
gap at the trailing edge is believed to be the source of the incon-
sistent results using surface-displacement reported in reference 1.
In three-dimensional applications, the only viable simulation choice
at present seems to be the transpiration simulation. Results per-
taining to the conflicting results obtained using that simulation
for a particular test case are discussed in the next section.

Results for a Particular Test Case

Several previous investigators have compared three-dimensional
inviscid analyses coupled with strip boundary-layer methods for a
semispan wing tested by Kolbe and Bolz (ref. 11) at a Ry of 18 x 106,
The wing had a quarter-chord sweep of 45° and an aspect ratio of 3.0.
The high sweep and low aspect ratio of this wing are not consistent
with the assumptions inherent in a strip boundary-layer calculation;
therefore, some of the excellent results in the literature are
somewhat surprising.

The 1ift coefficient predictions from references 1 to 3 are
presented in table 6 along with computed results from the present
study. The results presented all assume no boundary-layer represen-
tation in the wake since the effect on the resulting 1ift is pre-
sumed to be small. The boundary layers are iterated with the invis-
ecid solution until convergence in references 2 and 3 as opposed to
a single iteration in reference 1 and the check program coded for
the present investigation. Continued iteration can, in general,
affect the results, but for this particular wing, the differences
between a single and multiple iteration were checked and found to
be small. (The 1ift loss ratio with iteration was approximately
80 percent of that computed using only a single iteration.)

As seen in table 6, there are some differences in the inviseid
lift calculations arising from differences in the potential-flow
panel methods. The panel representation and results from a conver-
gence study in reference 12 are shown in figure 1 and indicate that
the converged inviscid 1ift coefficient at o = 8.23° is Cp, = 0.43.
The potential-flow panel method of reference 6 is closest to the
converged inviscid 1ift coefficient while the panel methods of
references 2 and 5 are about 6 percent high for the panel density
shown ;n figure 1 (whieh is typical of the densities used in refs.
1 to 3). '

Considering the boundary-layer lift-loss ratios shown in table
6, the camber-line displacement simulation and all but one of the
transpiration simulations agree with the approximate 1ift loss



ratio, k3g, of about 2 percent. The surface-displacement simulation
using the potential-flow method of reference 1 agrees best with the
experimental data but predicts an unrealistically high total lift-
loss ratio of approximately 12 percent which is presumed to be
attributed to the inconsistencies in the low order source modeling
of a finite-thickness trailing edge. The transpiration method of
reference 3 also gives an unrealistically high total lift-loss

ratio although the paper describes no significant difference from
the methods used in references 1 and 2 and the program coded for the
present investigation. Note that the good agreement of these two
results with the experimental data is fortuitous and relies on a
cancellation of errors (both the initial inviscid-lift calculation
and the computed lift-loss ratio are too high). Using the con-
verged inviscid-1ift coefficient of 0.43 and a strip boundary-layer
lift-loss ratio of 2 percent results in a 1ift coefficient of 0.42
which is only slightly higher than the experimental 1ift coefficient
of 0.41. The remaining difference is attributed at present to the
three-dimensional boundary layer that actually exists on this swept
wing instead of the two-dimensional boundary layer assumed.

Comparisons With Experiment

As part of an effort to determine the accuracy with which
inviscid panel methods coupled with strip boundary-layer simula-
tions can represent experimental results, several varied configura-
tions were analyzed. All of the configurations are of fairly high
aspect ratio so that the strip boundary-layer assumptions are
expected to be valid. Because the experimental data were taken at
relatively low Mach numbers (less than 0.3) for which compressibi-
lity effects are slight, the program calculations were done for
incompressible flow (M = 0). Also, the boundary-layer charac-
teristies were computed directly from the inviscid solution, as in
reference 1, with no further iteration between the inviscid and
boundary-layer solutions.

For most of the results presented, the analyses were performed
using the available computer program of reference 1 coupled with
the transpiration boundary-layer simulation. The surface displace-
ment simulation was not used because of the difficulties discussed
previously associated with the analysis of a finite thickness
trailing edge. A camber-line displacement simulation was not used
since it requires surface lofting and subsequent recomputation of
the aerodynamic influence matrix, thus requiring considerably more
computer resources than the transpiration simulation. Even when
using the transpiration method of simulation, low values of 1lift
coefficient were predicted in the initial invisecid calculations for
an airfoil section with a finite-thickness trailing edge. To over-
come this problem, all of the airfoil section thickness distribu-
tions were reduced linearly as a function of x/c¢ to have zero
thieckness at the trailing edge.



During the course of the analyses presented below, several of
the inviscid calculations using the method of reference 1 were
checked for convergence either by repeating the analysis with a
larger number of panels defining the surface or by using the panel
method of reference 6. All of the inviseid calculations are not
shown in the comparison figures below, but a summary compilation of
the inviscid 1ift calculations is given in table 7. Additionally,
the inviscid-plus-strip boundary-layer calculations made using the
method of reference 1 for each of the comparison cases below are
compiled in table 8. Corresponding approximate lift-loss ratios
(k3a) which use a section lift-loss ratio computed using the method
of reference 4 are also tabulated.

The investigators of reference 13 calculated the boundary
layer on an aspect-ratio-5 wing with 300 of sweep using experimen-
tally measured pressures as input to a three-dimensional boundary-
layer method. The computed boundary-layer characteristics were
used to calculate transpiration simulation normal veloecities which
were used in a potential-flow analysis program. Strip boundary-
layer calculations using the method of reference 1 are compared
with the results from reference 13 in figure 2. The boundary-layer
parameters computed using the strip boundary-layer method are
slightly lower than the three-dimensional boundary-layer calcula-
tions. The total lift and spanload calculations with the strip
boundary-layer simulation, however, agree very closely with the
experimental data. The lift-loss ratio calculated using the strip
boundary layer corresponds to 6 percent while that from reference
13 is approximately 10 percent.

The half-span panel representation of a semispan wing for
which experimental results are reported in reference 14 is shown in
figure 3. Analysis results using the method of reference 1 are
shown in figure 4. The results for the panel density shown in
figure 3 agree very well with the experimental data in overall
force and moment. The total lift-loss ratio at o = 6.75° is 0.056
which is close to the approximate lift-loss ratio, k3g, of 0.043.
A camber line displacement simulation was also used for this case,
and the resulting boundary-layer 1ift loss was almost identical
with the transpiration simulation results. The surface displace-
ment simulation of reference 1 resulted in a 1ift loss of 16 per-
cent, considerably more than even the two-dimensional section lift
loss.

Inviscid calculations were made with double the number of
spanwise panels, and the resulting spanload is shown in figure
4(b). The effect of doubling the spanwise panel number is to
reduce the spanload, principally at the outboard sections, so that
the inviseid spanload outboard of = 0.85 is below the experimen-
tal data. The tip vortex separation ahead of the trailing edge
causes a local increase in spanload near the tip which is not
accounted for in the potential-flow method. Additionally, the
limited size of the reflection plane used in the experiment may be
causing some difference at the inboard end.
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Results using the panel method of reference 6 and the two-
dimensional boundary-layer method of reference 4 are shown in
figure 5. The inviseid 1ift is 4 percent lower than that predicted
by the method of reference 1, being caused by a lower spanload out-
board such as obtained by doubling the number of spanwise panels in
the method of reference 1. However, the total boundary-layer 1lift
loss ratio is nearly the same. The results in figure 5 show
clearly the underestimation of the spanload at the tip and the sub-
sequent underprediction of total 1lift.

The full-span panel representation of a wing-body for which
experimental data are available from references 15 and 16 is pre-
sented in figure 6. Both the experimental and the analysis results
using the method of reference 1 are shown in figure 7. The pre-
dicted effect of the boundary layer is very slight; the lift-curve
slope even with the transpiration boundary-layer simulation is much
higher than the experimental data. However, the prediceted chord~
wise pressure distribution agrees very well with the experimental
data; the agreement is much more than the total 1ift comparison
would indicate. No boundary-layer and/or separation effects on
bodies were modeled in any of the results presented in this report,
which may be the cause of these differences between theory and
experiment. '

The full-span panel representation of the Advanced Technology
Light Twin (ATLIT) wing-body-nacelle configuration is shown in
figure 8. Experimental results from reference 17 and analysis
results using the method of reference 1 for the wing-alone
configuration are shown in figure 9. The total 1ift and moment
predictions agree very closely with the experimental data up to a
lift coefficient of 0.7 beyond which trailing-edge separation
effects (whieh are not modeled) become evident.

Comparisons of theoretical with experimental results for the
wing-body-nacelle configuration are presented in figure 10. The
experimental data are from recent tests in the Langley full-scale
tunnel facility (ref. 18); the total force and moment data are from
balance readings and the spanwise loads are obtained from pressure
integrations. The experimental pressures and spanloads are for the
wing-body-nacelle configuraton with propellers stopped and with the
aircraft as built. A series of modifications were made to the con-
figuration during the wind-tunnel tests to reduce the drag; lift
and moment tail-off data for this fully clean version estimated
from tail-on data are shown in figure 10(a). The fully clean data
agrees more closely with the theoretical predictions. The analysis
method overpredicts the experimental 1ift although the stability
parameter 3C;/9C;, and the spanwise variation of the load are pre-
dicted reasonably well. The experimental load on the nacelle is
low because it represents an integration over only the forward por-
tion. The predicted total 1lift loss ratio at a = 4.0 is 0.6 which
is about half of the two-dimensional lift loss (0.12) expected for
this high-aspect-ratio wing.
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Experimental results from reference 19 and analysis results
using the method of reference 1 are shown in figure 11 for a wing-
body similar to that of the ATLIT. The theoretical results agree
reasonably well with the experimental data and the computed lift-
loss ratio is close to the approximate 1ift loss ratio (table 8).

The full-span panel representation of the aspect-ratio-10
Energy Efficient Transport (EET) wing-body configuration tested in
the Langley V/STOL tunnel (ref. 20) is shown in figure 12. A com-
parison of the analysis results with the experimental data are
shown in figure 13. The force and moment results agree with the
experimental data although there is a significant zero 1lift
pitching-moment difference. The chordwise pressure distributions
are predicted quite well except on the lower surface. Because of
the strong favorable pressure gradient at the lower trailing-edge
surface for this supercritical airfoil, the boundary layer computed
on the single iteration of the result presented is probably lower
than that which would be predicted by successive iterations and may
be the cause of the disagreement. The predicted effect of the
boundary layer on the 1ift agrees reasonably well with the approxi-
mate 1ift loss based on the two-dimensional section characteristies.

An aspect-ratio-10 configuration obtained by adding tip exten-
sions and a horizontal tail is shown in figure 14 and the analysis
and experimental results are shown in figure 15. The effect of the
horizontal tail on the 1lift and pitehing-moment slope is well pre-
dicted. The agreement in zero lift pitching moment may be somewhat
fortuitous because of the zero 1lift moment disagreement shown in
figure 13 for the tail-off configuration. The predicted and
experimental chordwise pressures on the wing are very similar to
those on the aspect-ratio-10 configuration.

CONCLUDING REMARKS

The results of coupling different strip boundary-layer
simulations with inviscid surface panel methods indicate either a
transpiration or camber-line displacement simulation predicts
boundary-layer effects generally in accordance with expected
results. The transpiration simulation is, of course, preferred
since the geometry remains unchanged and the aerodynamic influence
matrix need not be recomputed. The surface-displacement simulation
gives rise to a finite-thickness trailing edge for which incon-
sistent results were obtained; an improved treatment probably
requires incorporation of a separated base-flow trailing-edge
model. Correlation with the experimental data has indicated mixed
results. The predicted lift loss, however, agrees reasonably well
with an approximate lift loss based on correcting the inviseid 1ift
using the two-dimensional airfoil section characteristies. The
pressures on the wing surfaces and the effects of the boundary
layer on the pressures generally seem to be predicted with reaso-
nable accuracy.
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Table 1

Comparisons of Inviscid Calculations for NACA 0012 Airfoil at o = 5.00

Trailing Edge | Low Order| Higher Order Finite
"Half Thickness/| Source Source Difference
Airfoil | Panels Chord Method Method Method
(Ref. 1) (Ref. 7) (Ref. 8)
cy Cy Cy
NACA 0012 40 0.00126 0.553 0.569 --
as defined 70 .00126 - .549 571 -~
98 .00126 .548 .576 0.602
NACA 0012 40 0 .596 .596 --
modified 70 0 .599 .598 --
98 0 .600 .599 .603
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Table 2

Comparison of Inviscid Calculations for LS(1)-0417 Airfoil at a = 00

Trailing Edge | Low Order{ Higher Order Finite
Half Thickness/| Source Source Difference
Airfoil Panels Chord Method Method Method
(Ref. 1) (Ref. 7) (Ref. 8)
LS(1)-0417 74 0.00355 0.494 0.438 0.569
as defined
LS(1)-0417 74 0 .556 .539 .569
modified
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Table 4

Airfoil Coordinates Used in Surface Displacement/Camber Line Di
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Table 5

Comparisons of Boundary-Layer Simulations for Thinned Version of
NACA 0012 Airfoil Using Boundary-Layer Parameters From the
Method of Reference 4; RN

= 3.0 x 106

Inviseid + Boundary Layer

Inviscid

Transpiration
Simulation

Camber-Line
Displacement
Simulation

Surface
Displacement
Simulation

Me thod

¢f,p

CL,v

cg,v| k2

cpg,v| k2

Low order
source

(ref. 5)

0.604

0.558

0.532 (0.12

0.48310.20

Higher
order
source

(ref. 7)

.604

.563 .07

.550} .09

.544 | .10

Finite
differenc
(ref. 8)

13-4

.604

.536 | .11

.536 | .11

Modified
QOeller

(ref. 4)

5.00

.604

.545 ] .10
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Table 6

Comparison of Three-Dimensional Lift Coefficient Predictions
Inviseid Flow and With Several Strip Boundary-Layer

a = 8.23°, Ry

Simulations for the Wing Tested

18 X 106, CL’exp =

in Reference 11

0.41, kg = 0.05, kgq = 0.02

Inviseid +

Inviseid +

Inviseid +

of ref. 6 + BL
method of ref.

Invisceid| Transpiration Surface Camber-Line
Flow Simulation DisplacementjDisplacement
Simulation |Simulation
0.458 0.44910.019 0.405| 0.116] ~---- | -=---~ Ref. 1
.46 .45 02 | mmemm] e e | e Ref. 2
.455 .4151 .087 | —-====] ~=--] -==me | === Ref. 3
.458 .453] .012 .402 122 452 | 0.013 |Inviscid method
of ref. 5 + BL
method of ref. 4
.432 .426| .014 | ---=-=] ~=~-==] =] ===-= Inviscid method

4
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Summary of Inviscid-Lift

Table 7

Calculations

Configuration No. of Panels | Method (Cp)a=0 CL,
AR=5 semispan wing 30x12 ref. 5 -0.123 0.072
(fig. 2) 30x7 ref. 6 | - .124 .071
AR=6 semispan wing 40x8 ref. 5 0 .080
(fig. 3) - 40x16 ref. 5 0 .078

40x9 ref. 6 0 077
ATLIT semispan wing| 50x10 ref. 5 .453 .098
(fig. 8) 50x20 ref. 5 .450 .097
50x11 ref. 6 .473 .096
AR=5 wing-body 30x9-176 ref. 5 - .055 .090
(fig. 6)
AR=9 wing-body 50x9-176 ref. 5 .413 .098
(fig. 11)
AR=10 wing-body 40x7-198 ref. 5 .371 .105
(fig. 12) 40x14-198 ref. 5 .364 .103
ATLIT wing-body- 50x8-160-192 ref. 5 .464 .106
nacelle (fig. 8)
AR=12 wing-body- 40x8-258-36x3 | ref. 5 .326 .124

tail (fig. 14)

*Wing or tail surface panel numbers given

number x spanwise number

21
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Table 8

Comparison of Computed Three-Dimensional Lift-Loss Ratio (k3)
With An Approximate Lift-Loss Ratio (kg3g)

Configuration| Streamwise RNx10'6 CL,pl|CL,v* (k3)*|kgg|koss
| AR=3 semispan | NACA 64A0101 18 .457[.449 |.02 .021.04
wing (fig. 1) |to c/4 4 .457).444 .03 .03]1.07
AR=5 semispan |NACA 0012-64 1.4 .307|287 .06 .07}1.12
wing (fig. 2)
AR=6 semispan |NACA 0012 3.2 .539|.509 | .06 .041.06
wing (fig. 3)
ATLIT semispan|LS(1)-0417 1.0 .453].384 | .16 171,21
wing (fig. 8) 1.0 .8471.778 | .08 .13].16
AR=5 wing-body| NACA 63A010 1.1 .305).297 | .03 .04(.05
(fig. 6) .665|.641 | .04 .05].06
AR=9 wing-body| LS(1)-0417 1.5 .413].347 | .16 .171.22
(fig. 11) .805]|.757 | .06 .131].17
AR=10 wing- Supercritical 1.4 .3711.315 | .15 .191.22
body (fig. 12) 1.4 .814|.749 | .08 110,12
ATLIT wing- LS(1)-0417 3.5 .464] .416 | .11 .15}.17
body-nacelle 3.5 .890] .838 | .06 L114.12
(fig. 8)

*Computed using the computer program of reference 1
*¥Computed using the computer program of reference 4

22




-2.0

-L0

3.0 Ay = 455 N = 0.5 section L to clé;
AR = 3.0; A gy = 45% X - 0.5; 64A010

o M= 0.55; 30 chordwise panels; 8 spanwise panels (half span)

|

! —— Reference 5

\ - - - Reference 6 6
©  Experiment (M=0,30; Ry=18x10°)

e\

O -

[ =<0
\\O\r)\\“ ]
~O— o.

Mﬂ R e

] | | 1 ) |

2 4 .0 8 L0

Figure 1.- Convergence characteristics and comparisons of
reference 11; M = 0; @ = 8,230,

.48 B Chordwise panels
o %
o 50
A6 |
- Reference 5
OM — —
C - - - ar
- - - - - —
L —
A2 1 Reference 6
—— Experimental lift coefficient (ref, 1)
.40 L (M = 0,30; Ry = 18 x 100)
- 5 ! ' ! J
0 .05 .10 .15 .20 .25

[No. of spanwise panels (haIf-span)]'1

inviscid calculations with experiment of



e ’

v /IIIIIIIII//

NACA 0012 //l / /IIII//
//IIIIIIII//

N v
y /i

L

(a) Top view of half-span panel representation of semispan win

Figure 2 .- Comparison of inviscid with strip boundary calculations of reference 1
to inviscid with 3-D boun er calculati



.008

.006

.004
S*lc
.002

.06

VN/Ucn
.02

Upper surface

7 = 0.46

1 /] 1 ] l

Upper surface

7 = 0.46

004 r

L0021

.008-

.0061-

VU,

.004f

.002

—— Reference 13
—~ — Reference 1

- = " T I

Upper surface x/c = 0.39

L ) ) ! 1 ) )

(b) Comparison of boundary-layer simulation parameters a = 60; Ry = 1.4 x 106
Figure 2,- Continued,



CL

CL
. .31  —— Inviscid (ref, 1)
— f. 13) o ,
20 T Inviscid + 3 BL (rl. 13 29 = - - Inviscid * strip BL (ref. 1
:28 0 Experiment (ref. 13) -28 O Experiment (ref. 13)

(c) Total lift and span load comparisons; 7a; 60; RN = 1.4 x 106

Figure 2.~ Concluded.



Ac Qeceee 00
AN
S 00

XMCesooee oc
NACA 0012 section
320 panels (half span)

-

Figure 3.~ Top view of half-span panel representation of wing tested in reference 14.



d

1SC1

Inv
- =~ Inv

ip BL
)

d + str
t(

mmen

1SC1

O Exper

ref. 14

A

S ESESE SRREE i

B

25

1

e i

AP

s

421
3
T

Hnssis s

"
1
T

) +HH

TITT
t
pumy
1t
snas
pang

T

s

gey
foats

v

13T

i

1

1

T

T

SEilesaasasntay

ENSUEEEtAS HEIRSERE,

12

o, deg

ing the method of reference 1.

(7]
Q
-
o
(7]
o~
|
Q
+
Q3
(15}
| S ]
C 4 e
L —O
Q3O
n -
- @
e~ X
[<}]
E VN
C
EOM
—
oo il
=1
— O =
L o
Q o
P X en
r
QY- —
QO
© o
c
o c
8}
+ E =
Y o
-Tr
—
(=8
— X
< Q
-
o C
= 4+
or—
—_—=
©
~
g
o
[72]
o—

Figure 4.- Compar



el number)

ise pan

)

p BL
. 14

d (double spanw
i
t (ref

d + str

d

1sC1

O Exper

1sC1
1sC1
imen

Inv
— . —=1Inv
——=-Inv

... T
233830 '
i G
' i 148
aus
H
HH T
- TH
28232250093 1e255 21 g2 a 1S
2]3tsass asnassaal: 8t
: : T
: Hiig 13 L ! |
J§ i 1 t o= . :
JEa2das : H
AHfF HE d ! i : ;
i e 8 I > e :
i 3ed i1 : it :
B 2. i : oo
[sEgasss 1r i gty
H - + pe
: I " i i
: 111 T B i oL
I 15 5
rt ul e S t
| H HE i :
smapgyn e T o
n v.ﬁ HE I
ps! t e
e > o p
H i Sl
- b 1 ; it
ISR
H Pie
: inwn
L
Shnnats 1
ISHIs ISatseit il H
RES3EsS 132025 R0R) BRSTEHATIL
e T
TEssieasts eIt sttt sastistes
it L e H HH
sgeggsces
bl
esasaray i b
feises! y
e i
T M
333 337 $338 32 SacEtadis T
Hit H
1
ITET I
s i
b t 311
T
A1 e s H :
T ITRSE :
4SS satet bESEs pu: T
|8 pER SOPRY R It H
RIS 1
41
H
b T t
RIS EEE23 3. 3 1
bt saabt syt HH
T
Tt
o
; HEETE
pemu sy
i Lh
SN S13 Ry
T
FH RS o
Sasd 3582 E3RAAEES 25:
T
i
[177 . STHT
H i
T
N 11t
o sl
¥ e
r PEEpasesRsan
: HHTETT i
| 8 83 §SSRERTNS
s peses . :
[ESESERESEpeast § Iasl 52 gk
[ S 1 jete bas §¢ 3 e 1S ¢4
srhinipel 1..,.# Y Sy s
;
pe IS o It
s & e
H e T
T S SIEE
gsEafasannsan
gasssagpsss T
2esasisatdsd
i
ass ;
1 ]
H OETT
| 1Iv%.#
H HE i

6.750

Spanwise load variation, a =

(b)

Figure 4.- Continued.



d
- -~ Inviscid + strip BL

isci
O Experiment (ref. 14)

—— Inv

# FHHE
T N
5 symadsessesis
; 11 ;
8 Hif
i i

H

:

13k 2i
1

(333 Saans
T

s e
t

1

L 35
33 ]
E S issadsisi SN
+ +
jagagass :
o s
1 1351 §5035
] . + b
tHtH 553 348 :
= HHTE Seanyvsans a9
Hh S 5atd I
1 TR E
: s=secaysusgemsgsessese RS pe= gas
i HER
v ags e8RS B! Hiv jedegiegeqssy
b+ H . 1 31 trde te
i Hits e N R N T O
+ 9 ! ..l,fw judd
T s e e B i
: ! i _ | bbb
peasesass:
gad 135 I 1 TERIIR
i wv . H Hi-11s aiiofes I
i ! I FEesaasesee
: 5 SgRasagagp e
1] 488 T s [isstrstine
o e ST SSSITISEERS
& 3E! 3 igse:
J4ss : jabddas
jgeed pagd T [{17 jenges
s = o
o O 8s ad 8 5
: 35 Safests:
. e
: T T
iesiitee jisss fsgsatus:
t
T
T 8 jashidons 35
Fapesusses 8
Sy Eess 1854 aaks
s 1934
H = =
Hi
ity
T
T T wa
HiHH
L » anan
SE433418
1 Fritile
: 233s:
2l
Honhr i
t +11 t crErbed
¢ S
; ot
ol SSS8 PREPE
T S3saassas Eass
i *‘.m‘
i H HHE
T t RSO RSaS)
~ 3pes T
he 1 +
> s souasanas).c)
: 33158
8 jShiabuegibtsl s
i TR
: HH :
jges L
T
B3RS H t1
L 3
g8 so Euay, < smigshannsa
B I G
: aag sy . 1333 38
5H T [BEss tEsEE
4t ; s Egpe Fony
Sogs
i » HHE
HH : jos)
B sans
e ¢ 1 *.y‘.,
=2 : b h
i i s LR
. g T +
R Eal s gns pest T
i eREsastast & 332844 3325
H H it i (a4 $3934 I3

x/c

n = 0.48

6.750;

Figure 4.- Concluded.

Chordwise pressure distribution.«

(c)



d

isci

Inv

o
—J <t
o —
0 e
or—

.
-+
v
+
©
or—
(8]
(%]
o
>
| =
—

1

|

|

O Experiment (ref

T T yunsuuansss 3 smsusnsusmanss: T
T T _E_W‘M vaT T 1+
T
i R HiH
17 pese HIHHLE M 48
|E35 brids §ag=atagedsasiisgesisl
1 musssspeuasaseses
. T
HH i I
i
T =+ imat
B! H £}
44+
: ! s
3
! L I 8 aagy
g T
T )e + " -
T ggat H
H HHTT
s=saiigisist JaEsi
posd
maes assnsansaspysEsa: HHH T
H !
" +
FH ] ] 1 ?
L aipess 938 18815 SN
H R
H E 31
HHH r 1 i
= sgs
T :
! S35
= T AT
T i
t I
o i
H MISE i
Hi
:
H H
H
H TR
T H Ho
} 9
HIHHT
1 s
H e
1
T
T +
o Q (Ue] <
L] L] . L]
i

a, deg

(a) Total 1ift and pitching moment characteristics

Figure 5.- Comparisons with experiment of -wing-alone results using the

(o)
Q
Q
c
48]
S
Q 3
L)
O
v
Y- X
o
N
O .
om
i =
4+ 1
Q
E =
(a4
©
en
4
.

invisci

M

and the two-dimensional boundary layer method of reference 4.



~—— Inviscid
— --Inviscid + strip BL
O Experiment (ref. 14)

EEE
o

pnaas
t

jpes

+
ba
iy
¥

1T

Ht
L

~T

1SS o

=
T

1233

g
My

[SE0S SHGAE DORE SN

e buu s RoPe:

[

oot

(b) Spanwise Toad variation, a = 6.750
Figure 5.~ Continued.



6.750, m = 0.48

d

d + strip BL

x/c

15C1

isci
O Experiment (ref. 14)

— Inv
- —=-1Inv

] 0 r TR !
: | HETHIEH SR R it :
I :
r aussgun =assassesgam age
g seagassts SECesyEsopRzs s pgoRanaly o
g HiH 28 Sagiageetsayasssaisqiiidsifasiiifasgdsial !
£l of Suan [ g gans ww Sngdaddagas is i
[Eitdaagesgyssd sityddynus ggaupsun: HH aqu Sgeedige FHEHH 322
LoHE i HEH EH R 13 Hamnmny
fg3ssgsd a8 1331 r HHEEHRTH R a1 page 1258
T T "
4 8 ggun ssssfandan naagaial: i 8 $id
| § ”w HHHHHETS HHH segiiise . H
1
15 4+ 44 Fs -
I 1} 3 H 1+ f,
. t o H 1 + .
I it T HH gt ! 1
,.W_\. 1T T T DS
3 2 SEAREREEON PR e e gubes pyst
4] ; I S3§asass: it ! t
IS by TR B Sasssaialifld L i
=48 ot sdaasialsndassdas: S5agass]igaititeny s
TT T T - T H 1SRt
: 3 H 2E3E2s 1N
S3EEeRattEanns soqtadges it skl | s SHfes !
.)1» 1 It seas 1
¢T W H H H1 3
5153331 s geasds £
HE i ! LT 1 susdh
jot spgaangse:
ju .o«
58 IEERE SR RY padusakagegnus: 28
AT Sepsssguey 8
Lt
5%
3 zaass
[pagasen: - t HH o
iyes snedzazes
sy t
CHESHEAH FHHT HyHT
ol I IS EON S0
+
1t H o3 893agaasas asgn gl
e T ass
T
gl sghs n
: a3 geatgtoge
el BTt T STa e I aRe CRqRp RaR ] cqsnasics T HH
MO».T ++ 1 T 11 T
IR oE BARa b s Bl nd + 1 41t T
S35 F553 STE0S s R0 findass 5! maus ik
Jees
T
1 g m o
- i
3 pASuG ue sgaEse
L
: 1
FRESERS HiH Bidc/ ARl IR S 8 | s R
e i sussusqadopd bmaly CRUSA bpuis SaDY | sikde Pishd
r - [32]
] T asg T e E R R Sas e Ie I .
! ST gss =5 Thit i
I TH I ! : *“..,.L_:
1 3T jensal sauasbbiot
: Hesitagae: i 8t SischitiHilE Halh
: o8 A
og SRamn e pauss
am 3oes

1 8 3
11 e
E3jsts t Fitie

tH e
oy
ez doay 1 1itt
THE Iy
= on IS
11

b s
H
) Bt I
I
853

T

- st i
113 T i
I T peoR Sngns
b 1
ot teass 1 He £ ! JSSERAFTY AN

-1.4
-1.0

Figure 5.~ Concluded.

(c) Chordwise pressure distribution,
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