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Summary a code-on-code validation and has considerably in-
creased our confidence in both codes. Third, the re-

In the present study, two codes that solve the sults obtained during the course of this study point to
three-dimensional thin-layer Navier-Stokes equations several areas of research that should be considered in

are used to compute the steady-state flow for two the future so that better tools can be developed. As
test cases representing typical finite wings at tran- computational fluid dynamics (CFD) moves closer tosonic conditions. Several grids of C-O topology and
varying point densities are used to determine the ef- being used in the aircraft design process, these deter-

minations will become increasingly important.

fects of grid refinement. After a description of each The authors would like to acknowledge the con-
code and test case, standards for determining code tributions of James Thomas and Veer Vatsa of Lang-
efficiency and accuracy are defined and applied to de- ley Research Center for guidance in using CFL3D
termine the relative performance of the two codes in and TLNS3D. The authors would also like to thank

predicting turbulent transonic wing flows. Computed Manuel Salas, also of Langley Research Center, for
surface pressure distributions are compared with ex- suggesting the idea of comparing the two codes and
perimental data. for fruitful discussion of the results.

Symbols Code Descriptions

C D total drag coefficient There are many codes available at different re-
search facilities to cpmpute viscous transonic flow

CDp pressure drag coefficient over wings. These codes are based on two classes of

CDv viscous drag coefficient numerical methods. The first class uses central differ-
encing for the flux differences, with explicitly added

CL lift coefficient artificial dissipation to eliminate the odd/even decou-

CI skin friction coefficient pling associated with the central-difference method.
The second class are methods that introduce dissipa-

Cm pitching-moment coefficient tion naturally and are referred to as upwind methods.
In order to compare the various codes, it would be

Cp pressure coefficient necessary to have these codes executing on the same
b wingspan computer and to have the code developers present to

provide guidance and make code modifications where
c local chord length required. Since this was not possible for all available

q dynamic pressure codes, the study here was limited to two codes de-
veloped at NASA Langley where the code developers

x chordwise coordinate were present to monitor the results.

y spanwise coordinate The codes analyzed in the present study are re-
ferred to as CFL3D and TLNS3D, and both codes are

z vertical coordinate state of the art for the upwind and central-difference

_? nondimensional spanwise coordinate methods, respectively. Both use a finite volume for-
mulation, with flow quantities stored at cell centers,

nondimensional chordwise coordinate to integrate the three-dimensional time-dependent
thin-layer Navier-Stokes equations (TLNS) in time

Subscripts: until a steady-state solution is reached. To ac-
celerate convergence, both codes can make use of

cc free-stream conditions grid sequencing, multigrid, and local time-stepping
techniques.

Introduction CFL3D uses the Pulliam-Chaussee diagonal ADI
(alternating direction implicit) time-marching algo-

This paper is intended to serve three purposes, rithm (ref. 1) with third-order upwind-biased differ-
First, with the increase in available codes for solving ences for the spatial derivatives of the inviscid terms.
the Reynolds-averaged Navier-Stokes (RANS) equa- The upwind method used is the Roe flux-difference-

tions, and given the high cost of the computer re- splitting scheme (ref. 2). A min-mod flux limiting
sources required to run these codes routinely, it be- scheme is employed to obtain smooth solutions in

comes necessary to evaluate their relative ability to the vicinity of discontinuities. During the investi-
achieve a given accuracy with the least cost in terms gations conducted here, it was determined that the

of computer resources. Second, the study serves as multigrid feature did not improve convergence for the



Navier-Stokes equations and it was not used. De- and an extensive data base of surface pressure distri-
tails on the formulation of this code can be found in butions is available over a range of transonic Mach
references 3-7. numbers at angles of attack up to 6° . The particular

TLNS3D uses an explicit five-stage Runge-Kutta case analyzed in this study is for a Mach number of
time-marching algorithm, with second-order central 0.84 and an angle of attack of 3.06 ° .
differences for the spatial derivatives. A blend of The geometric characteristics of the Lockheed
second- and fourth-order artificial dissipation terms Wing B configuration are given in table l(b). This

are added to maintain numerical stability. The arti- wing was also tested for the purpose of CFD code
ficial dissipation terms are scalar. In addition to the evaluation. In addition to a data base of surface

previously mentioned convergence acceleration tech- pressure distributions similar to that available for
niques, TLNS3D utilizes a multigrid technique and the ONERA M6, experimental force and moment
implicit residual smoothing to improve convergence coefficients and spanwise lift distributions are also
to steady state. Details on the formulation of this available for Wing B. The case examined in this study
code can be found in references 7-16. is for a Mach number of 0.851 and an angle of attack

For turbulent attached flows, both codes use the of 2.95 ° .

Baldwin-Lomax algebraic turbulence model (ref. 17). Because CFL3D does not have the option of using
TLNS3D also has the option to use the Johnson-King the Johnson-King turbulence model, which has been
nonequilibrium turbulence model, which has been shown to be more accurate for separated flows, only
shown to be more accurate for separated flows than attached flow cases were selected, and both codes

the Baldwin-Lomax model is (ref. 18). used the Baldwin-Lomax turbulence model.
With the exception of the downstream boundary, Four computational grids were generated for each

the boundary conditions in both codes are mathe- wing by using a two-boundary transfinite interpola-
matically the same. The wing surface is modeled as tion technique (ref. 22). These grids are of C-O topol-
a viscous surface with a no-slip condition on veloc- ogy (C in the streamwise direction and O in the span-

ity and a zero normal pressure gradient. The treat- wise direction). The finest grid contains 289 points
ment of the far-field boundaries are based on Rie- in the streamwise direction, 65 points in the direc-
mann invariants for one-dimensional flow normal to tion normal to the wing surface, and 49 points in the

the boundaries, as described in reference 19. These cross-flow direction (i.e., 289 x 65 x 49). The other
conditions are also used for the downstream bound- grids are (in decreasing order by size) 193 x 49 x 33,

ary in CFL3D. In.TLNS3D, the flow quantities at the 145 x 33 x 25, and 97 x 25 x 17. On the surface of
downstream boundary are determined by extrapola- the wing, the trailing edge was located at i = 33, 25,

tion. Symmetry conditions are imposed on the grid 17, and 13, respectively. On the upper surface, the
plane at the wing root plane. The only other dif- trailing edge was located at 257, 169, 129, and 85,
ference between the codes was the location of the respectively. This translates into the following num-

transition point. For CFL3D, the turbulence model ber of cells on each surface: 21 728, 9216, 5376, and
was used everywhere. For TLNS3D, the transition 2304.
point was set at 2 percent chord on both the upper The physical geometric coordinates are scaled so
surface and the lower surface, that the semispan of the wing in the computational

The values of the input parameters for both codes domain is of unit length. Sample plots showing
can be found in the appendix. The inputs were the symmetry plane and far-field boundary of the

adjusted for the best performance on the finest grid computational domain and the wing surface mesh for
for each wing and held fixed on all other grids, each wing are given in figures 1 and 2. The surface

grid for the ONERA M6 wing shows better definition

Test Case Descriptions of the wingtip. The calculations for the Lockheed
Wing B are reported here for the first time, and the

The test cases used for analysis are the ON- wingtip region will need to be better defined in future

ERA M6 wing (ref. 20) and the Lockheed Wing B calculations.

(ref. 21)configuration. The experimental data for the The outer boundary of the computational do-
ONERA M6 have very small wind-tunnel wall effects main extends approximately 6.25 semispans verti-
in contrast to the data for the Lockheed Wing B, cally (above and below the wing), 6.5 semispans

which contain significant wind-tunnel wall effects, upstream, 7.5 semispans downstream, and 6.5 semi-
The geometric characteristics of the ONERA M6 spans horizontally outward from the wingtip.
wing are given in table l(a). The M6 wing was devel- The primary computer used was the Cray-2 S

oped specifically for experimental support of three- supercomputer at the NASA Langley Research Cen-
dimensional transonic and subsonic flow-field studies, ter. Because of core memory limitations, the finer



grids were run on the Cray-2 supercomputer at the is excellent agreement for the ONERA M6 wing on
•National Aerodynamic Simulator (NAS). The Lang- the finest mesh. For the Lockheed Wing B, there are
ley Cray-2 S is approximately 28 percent faster than noticeable differences on the finest grid. It is also
the NAS Cray-2. All cpu times given in this pa- noted in the latter that there is not the agreement
per are relative to the Langley Cray-2 S. Both codes with experimental data seen for the ONERA M6
were compiled under FORTRAN 77 using the same wing. Reference 21 gives estimated Mach number

options, and angle-of-attack corrections required for this case,
During final editing of this report, it was discov- but they have not been used here.

ered that an error was made in generating the grids Iteration History
for the Lockheed Wing B. The quarter-chord sweep
angle of the computational geometry exceeds that of In order to examine the relative efficiency and ac-
the wind-tunnel model by approximately 6°. This curacy of the codes, the values of the force coeffi-
does not change any of the conclusions drawn from cients are stored at each iteration. To understand
this study, since the same grids were used to run the convergence process better, the drag is further
both codes. TLNS3D calculations have recently been broken into components due to pressure and viscos-
made on the actual wind-tunnel geometry.1 ity, and these components are analyzed separately.

Using these data, the percent change in the force co-
Results efficients at each iteration is calculated using their

final converged values as reference. The cpu time is
We begin by examining the effect of grid refine- stored at the end of each grid sequence. This time

ment on the wing section pressure coefficients. Next includes the time required to read and write data files
we examine the iteration history and the accuracy and the time required to perform the calculations. It
for a given grid. After examining the boundary-layer does not include code compilation time or postpro-

profiles, skin friction, spanwise lift distributions, and cessing time. Since both codes read and write in bi-
surface pressure contours, we close with a discussion nary format, the time spent on file input and output
and evaluation of relative efficiency to achieve a given is small relative to the total run time. In this man-
accuracy for the test cases considered herein. ner, the amount of cpu time required for the force

Surface Pressure coefficients to converge to a given percentage of their
final values is determined. The cpu times are relative

Figure 3 shows the effect of grid refinement on to the Langley Cray-2 S.
the pressure distributions for CFL3D and TLNS3D The convergence histories for the continuity equa-
for the ONERA M6 wing. The spanwise distance tion residual, lift coefficient, and pressure and viscous
Y is normalized with respect to the semispan length drag coefficients, as the grid is refined, are presented
B/2. Figure 4 shows the corresponding results for in figures 9-12 for both wings. In each case, the resid-
the Lockheed Wing B. Figures 3 and 4 show dis- ual for CFL3D drops approximately three orders of

tinctively different solution convergence patterns be- magnitude before leveling off and exhibiting high fre-
tween TLNS3D and CFL3D due to grid refinement. quency oscillations, which are attributed to the use of
For the ONERA M6 wing, CFL3D predicts approx- the flux limiter. For TLNS3D, the residual continues
imately the same shock location on each grid. The to decrease to the end of the run.
changes that do occur with grid refinement are to Figures 9-12 clearly illustrate the strong point of
sharpen the shock. For TLNS3D, the effect of grid TLNS3D, that is, fast convergence of the residual and

refinement is to move the the center of the shock the integrated force coefficients (lift, viscous drag,
downstream and to sharpen the shock as well as to

and pressure drag) as the grid is refined. As can be
resolve the region of accelerated flow at the leading seen in figures 9 and 10, which show the convergence
edge. histories for the 97 × 25 × 17 and the 145 × 33 × 25

For the Lockheed Wing B, both CFL3D and grids, the rate of convergence for both codes is about
TLNS3D predict shock midpoint locations that move the same. As the number of grid points becomes
downstream and sharpen as the grid is refined, large, the 193 × 49 × 33 and 289 × 65 x 49 grids,

Figures 5-8 show comparisons of the computed TLNS3D is more efficient than CFL3D. This is an
pressure distributions on each individual wing. There important advantage for TLNS3D since run times

for fine grids are measured in hours as opposed to
1 These calculations were made as part of a joint NASA-CAE minutes for the coarser meshes.

study on wall interference assessment and correction for three-
dimensional semispan wings. Participants included J. A. Garriz, To quantify the relative efficiency for a given grid,
Q. Zhang, P. A. Newman, S. Wang, V. N. Vatsa, and K.J. let us assume convergence to be acceptable when
Haigler. the percent change in the lift, viscous drag, and
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pressure drag convergence histories remains less than than CFL3D in predicting the lift-to-drag ratio for
approximately 0.5 percent. To reach this criteria, the ONERA M6 wing. That is, although CFL3D
CFL3D requires on the order of two to three times predicts more accurate individual values of the lift,
the cpu time of TLNS3D for the two finest grids, pitching moment, and total drag on a given grid,
For the 193 x 49 x 33 grid, this translates into TLNS3D predicts the more accurate value of the lift-
approximately 40-50 minutes additional cpu time. to-drag ratio!
For the 289 x 65 x 49 grid, this translates into A similar anomaly can be seen if one examines

2-3 hours additional cpu time. figure 16 and tables 2(d) and (e) and tables 3(d)
and (e), which show the errors in the total drag

Accuracy components--viscous drag and pressure drag. One
The values of the coefficients of lift, pitching observes that, in general, the error in the total drag

moment, total drag, viscous drag, pressure drag, and is smaller than the error in each of the individual
their errors are given in tables 2 and 3. To estimate components that are added to determine the total
errors, reference values for the force coefficients must drag.

be known. These can be the experimental values or Boundary-Layer Profiles--ONERA M6
the values from a numerical solution using a very fine Wing
grid. For these test cases, the experimental values are
not known. Limits on computer resources did not The effect of grid refinement on the boundary-
permit solutions on more refined meshes. The errors layer total velocity profiles (q/q_) is examined in this
shown in tables 2 and 3 are based on the infinite grid section. Velocity profiles were plotted at 0, 50, and
prediction for each code obtained from a second-order 80 percent span and at 25 and 75 percent chord for

Richardson extrapolation (extrapolating the values the upper and lower surfaces. Figures 17-22 show
from the finest two grids). The percent difference in the influence of grid refinement on the upper-surface
the predicted infinite grid values for the lift, pitching velocity profiles for each code. The boundary-layer
moment, total drag, viscous drag, and pressure drag, profiles are plotted in two forms: the first being a
are shown in table 4. These errors are referenced linear scale that accentuates differences away from
with respect to the values of CFL3D. the boundary, and the second being a semilog scale

In tables 2 and 3, the force coefficients using that accentuates differences near the wing surface.
TLNS3D are converged to five significant figures. In most cases, the near-wall profiles computed by
The values of the force coefficients using CFL3D are CFL3D converge from the left as the plot is viewed,
only valid to four significant figures for drag and three while the profiles computed by TLNS3D converge
significant figures for lift on the 193 x 49 x 33 and from the right. At 80 percent span and 25 percent
289 x 65 x 49 grids, chord on the upper surface, both sets of velocity

Figure 13 shows the force coefficients, and fig- profiles lack grid convergence. The reason is that this
ure 14 shows the percentage error in the lift, pitching location is in the region of the upper surface where
moment, and total drag. For a given grid, figure 14 two shocks are coalescing to form a lambda shock.
shows CFL3D to be the more accurate scheme for Since the pressure distribution is much more sensitive

predicting the lift, pitching moment, and total drag. to grid resolution in this region, the edge velocities
For the ONERA M6 wing, figure 14 shows CFL3D are still changing on even the finest grids. The same

to be significantly more accurate than TLNS3D for location on the lower surface does not experience this

the total drag, and relatively insensitive to grid re- problem.
finement. Since this same behavior is not observed Figures 23-26 show comparisons of velocity pro-
for the Lockheed Wing B test case where the total files on the same grid. The differences between codes
drag error predictions for the two codes are virtually are much larger on the coarser grids because they
identical, we believe that it is related to the accu- approach the grid-independent profile from opposite
rately predicted shock location on each grid obtained directions. The codes are also in much better agree-
with CFL3D for the ONERA M6 wing. For the Lock- ment at the 25-percent-chord points than at the 75-
heed Wing B, both codes predict shock midpoint lo- percent-chord points, again with the exception of the
cations that move downstream as the mesh is refined lambda shock region.

leading to total drag error predictions of the same Shown in figures 27-32 are the boundary-layer
order, profiles with grid refinement for the lower surface.

Figure 15 shows the lift-to-drag ratios and their These are followed in figures 33-36 with comparisons
errors with grid refinement. This is an important on the same grid.

quantity for the wing designer. As can be seen from We summarize this section by saying that there
these figures, TLNS3D is significantly more accurate are numerical differences between the two codes, but



the profile distributions on each grid are qualitatively Spanwise Lift Distributions

the same. Figures 61 and 62 show the convergence of the
Boundary-Layer Profiles--Lockheed lift distributions with grid refinement. CFL3D shows
Wing B less variation than TLNS3D with grid refinement. In

Figures 37-42 show the influence of grid refine- figures 63 and 64, distributions for each code on thesame grid are plotted.
ment on the upper-surface velocity profiles for each One noticeable difference between the two codes

code. For this case, the near-wall profiles computed is the symmetry plane values of the lift coefficient.
by both codes converge from the right as the plot is CFL3D shows very little variation at the symmetry
viewed. Figures 43-46 show comparisons of velocity plane in comparison with TLNS3D. Also, CFL3D
profiles on the same grid. shows a change in the slope of the lift distribution

Shown in figures 47-52 are the boundary-layer curve as the symmetry plane is approached.
profiles for the lower surface as the grid is refined.
These are followed with figures 53-56, which show Surface Pressure Contours
comparisons of the codes using the same grid.

For the ONERA M6 wing, the predicted trends A comparison of the upper-surface pressure con-tours is shown in figures 65 and 66. No significant
on each grid were the same; we note that this is not differences are observed.
true for the Lockheed Wing B. On the 289 x 65 x 49

grid, both codes predict the same trend. However, Relative Efficiency for a Given Accuracy
TLNS3D does not predict this trend on any other

One of the goals of this work was to examine thegrid, whereas CFL3D predicts the trend on the 193 x
49 x 33 and 145 x 25 x 17 grids, relative efficiency of TLNS3D and CFL3D to achieve

a given accuracy. This task became difficult because
of the distinctly different trends observed for the two

Skin Friction test cases and the lack of exact values of the force
coefficients on which to base the error estimates.

ONERA M6 wing. The effect of grid refine- In order to determine the relative efficiency for

ment on the symmetry plane skin friction distribu- a given accuracy, we examine relative accuracy in
tions is shown in figure 57. The skin friction is not terms of the L2 norm computed using the percent

grid converged. The improvement of shock resolu- errors in lift, pitching moment, total drag, and lift-
tion is noted; however, CFL3D seems to smear the to-drag ratio based on the infinite grid extrapolated
shock more than TLNS3D. The different behavior values. These are shown in figure 67.

at the leading edge is due to the different treatment Using this norm, CFL3D is the more accurate
there.. TLNS3D computes a laminar flow solution code for a given grid. To quantify this for the
over a small region with transition specified near ONERA M6 wing, the accuracy achieved with
the leading edge, while CFL3D is fully turbulent. TLNS3D using the 289 x 65 x 49 grid (884 736 cells)
Code comparisons for the same grid are presented in for the ONERA M6 could have been obtained with

figure 58. CFL3D with 511 113 cells or 42 percent fewer cells.

These plots show that as the grid is refined, We do not have a calculation for this grid. However,
skin friction levels achieve better agreement. The we do have a calculation on a grid with 67 percent

193 x 49 x 33 grid for CFL3D exhibits oscillations fewer cells (193 x 49 x 33 grid), and we can use that
just upstream of the shock. These do not seem to be solution to estimate the relative efficiency on a grid
caused by a lack of convergence, as running the code with 42 percent fewer cells.
further does not change the shape of the curve. No Shown in figure 68 are the convergence histories
reason has been found for this behavior which also for CFL3D using the 193 x 49 x 33 grid (67 percent

occurs for the Lockheed Wing B. fewer cells) and TLNS3D using the 289 x 65 x 49 grid.
Comparing the convergence history for the continuity

Lockheed Wing B. Grid convergence of skin equation residual would lead to the conclusion that
friction distribution is shown in figure 59. Code CFL3D is the more efficient code. We conclude

comparisons for the same grid are presented in fig- that TLNS3D is as efficient as CFL3D even though
ure 60. We note significant differences between the the CFL3D calculation was made on a grid that
two codes, contained 67 percent fewer cells. For equivalent

Postprocessing of the numerical data indicates accuracy, we estimate that CFL3D requires 1.73
that the value of Y+ at the first node point off the more cpu time than TLNS3D. For the Lockheed
surface is approximately 5. Wing B, the ratio is on the order of 2.
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Conclusions All error estimates were based on the infinite grid
values obtained using a Richardson extrapolation.

Based on the numerical results for the ONERA For the ONERA M6 wing, the pressure coefficients
M6 wing and the Lockheed Wing B for attached showed excellent agreement on the finest grid, and
transonic flow, the following conclusions are made: the differences between the infinite grid values were

small. For the Lockheed Wing B, there were signif-
1. In general, CFL3D is the more accurate code icant differences in the pressure coefficients, which

for a given grid. in turn are reflected in significant differences in the

2. For a given grid, TLNS3D is the more efficient infinite grid values. For these reasons, further com-
code, especially as the number of grid points becomes parisons with other codes and experimental data are
large, where it is two to three times as efficient, suggested.

3. For equivalent accuracy, TLNS3D is the more NASALangley Research Center
efficient code. The ratio of cpu time of CFL3D to Hampton, VA23665-5225
TLNS3D is on the order of 1.73-2. December14, 1990
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Appendix in order to select the best parameters for the finest

grid. Since both codes are sensitive to the input

Input Parameters parameters, it is conceivable that if not carefully
done, different relative values could be obtained. The

The input parameters for both test cases are given authors benefited greatly from the code developers'

here; they were chosen to give the best performance suggestions and experience.
on the finest grid. Both codes required many runs

TLNS3D: inputs for ONERA M6 test case

fmesh fstrt fsave fplot cpplot fseq
i. 2. i. 0. 0. 3.

ncyc pltout convout step iprnt iprnt grids iter
150. i. i. I. 0. 0 3. 2.
cflf bc hmf vis2 vis4 mscale

-6.5 0. .0 0.25 1.0 0

c(1) c(2) c(3) c(4) c(5) c 6)
.25 .16667 .375 .5 1.0 0

qfil (I) qfil (2) qfil (3) qfil (4) qfil (5) qfil (6)
-i. 0. -I. 0. -i. 0

beta(l) beta (2) beta (3) beta (4) beta (5) beta (6)
i. 0. .56 0. .44 0

iter(1) iter(2) iter(3) iter(4)
i. 2. 2. 2.

smoopi smoopj smoopk zeta
0.01 2.50 3.5 .50

cflc fbc hmc vis0 fcoll fadd
0. 0. 0. 12. i. I.

rm al cd0 xref yref sref
.84 3.06 0. 0. 0. 0.

iris yvis nturb jstart ystop
2. .7500 i. .12 .7500

rey/l pr prt iwtran iftran
21.66 1.0 i. .i00 0.

'/scr4/bonhaus/Tabl/m6a3.g289' *** input co grid
'/scr4/bonhaus/Tabl/m6a3.s289.2' *** restart file



TLNS3D: inputs for Lockheed Wing B test case
fmesh fstrt fsave fplot cpplot fseq
i. 2. i. 0. 0. 3.

ncyc pltout convout step iprnt iprnt grids iter
150. I. I. I. 0. 0 3. 2.

cflf bc hmf vis2 vis4 mscale

-6.5 0. .0 1.0 2.0 0

c(1) c(2) c(3) c(4) c(5) c 6)
.25 .16667 .375 .5 1.0 0

qfil (i) qfil (2) qfil (3) qfil (4) qfil (5) qfil (6)
-i. 0. -I. 0. -i. 0

beta(l) beta (2) beta (3) beta (4) beta (5) beta (6)
i. 0. .56 0. .44 0

iter (i) iter (2) iter (3) iter (4)
i. 2. 2. 2.

smoopi smoopj smoopk zeta
0.01 2.50 3.5 .50

cflc fbc hmc vis0 fcoll fadd
0. 0. 0. 12. i. I.

rm al cd0 xref yref sref
.84 3.06 0. 0. 0. 0.

ivis yvis nturb jstart ystop
2. .7500 i. .12 .7500

rey/l pr prt iwtran iftran
21.66 1.0 i. .i00 0.

'/scr4/bonhaus/Tabl/m6a3.g289' *** input co grid
'/scr4/bonhaus/Tabl/m6a3.s289.2' *** restart file
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CFL3D: inputs for ONERA M6 test case

XMACH ALPHA BETA REUE,MIL TINF,DR ISND C2SPE

0.8400 03.060 0.0 21.660 540.0 0 0.0
SREF CREF BREF XMC YMC ZMC

0.53080 1.00000 3.9249 0.00000 0.00 0.00

DT IREST IFLAGTS FMAX IUNST RFREQ ALPHAU CLOC
-08.000 0 000 1.0000 0 0.39600 0.02200 0.50000

NGRID NPLOT3D NPRINT NWREST

1 0 0 i00

NCG IEM IADVANCE IFORCE IMESH IVISC(I) IVISC(J) IVISC(K)
1 0 0 0 12 0 0 2

IDIM JDIM KDIM ITEI ITE2 JTEI JTE2

49 289 65 1 49 33 257

INEWG IGRIDC IS JS KS IE JE KE

1 0 0 0 0 0 0 0

IDIAG (I) IDIAG (J) IDIAG (K) IFLIM (I) IFLIM (J) IFLIM (K) IAFA
1 1 1 2 2 2 1

IFDS (I) IFDS (J) IFDS (K) RKAP0 (I) RKAP0 (J) RKAP0 (K)
1 1 1 .3333 .3333 .3333

MTYPEI(1) MTYPEI(2) MTYPEJ(1) MTYPEJ(2) MTYPEK(1) MTYPEK(2)
12 12 12 12 12 12

MSEQ MGFLAG ICONSF MTT NGAM
2 1 0 0 02

NCYC MGLEVG NEMGL NITFO

0050 01 00 000

0200 02 00 000

MITI MIT2 MIT3 MIT4 MIT5

01 01 01 01 01
02 01 01 01 01

PLOT3D OUTPUT:

BLOCK ISTART IEND IINC JSTART JEND JINC KSTART KEND KINC
PRINT OUT:

BLOCK ISTART IEND IINC JSTART JEND JINC KSTART KEND KINC

9



CFL3D: inputs for Lockheed Wing B test case
XMACH ALPHA BETA REUE,MIL TINF,DR ISND C2SPE

0.8510 2.950 0.0 17.960 540.0 0 0.0

SREF CREF BREF XMC YMC ZMC
0.52711 1.00000 3.9249 0.00000 0.00 0.00

DT IREST IFLAGTS FMAX IUNST RFREQ ALPHAU CLOC

-08.000 0 000 1.0000 0 0.39600 0.02200 0.50000

NGRID NPLOT3D NPRINT NWREST
1 0 0 100

NCG IEM IADVANCE IFORCE IMESH IVISC(I) IVISC(J) IVISC(K)

2 0 0 0 12 0 0 2

IDIM JDIM KDIM ITEI ITE2 JTEI JTE2

49 289 65 1 49 33 257

INEWG IGRIDC IS JS KS IE JE KE
1 0 0 0 0 0 0 0

IDIAG (I) IDIAG (J) IDIAG (K) IFLIM (I) IFLIM (J) IFLIM (K) IAFA
1 1 1 2 2 2 1

IFDS (I) IFDS (J) IFDS (K) RKAP0 (I) RKAP0 (J) RKAP0 (K)
1 1 1 .3333 .3333 .3333

MTYPEI(1) MTYPEI(2) MTYPEJ(1) MTYPEJ(2) MTYPEK(1) MTYPEK(2)
12 12 12 12 12 12

MSEQ MGFLAG ICONSF MTT NGAM
3 0 0 0 02

NCYC MGLEVG NEMGL NITFO

0500 01 00 000

0500 01 00 000

0300 01 00 000
MITI MIT2 MIT3 MIT4 MIT5

01 01 01 01 01

01 01 01 01 01

01 01 01 01 01

PLOT3D OUTPUT:

BLOCK ISTART IEND IINC JSTART JEND JINC KSTART KEND KINC

PRINT OUT:
BLOCK ISTART IEND IINC JSTART JEND JINC KSTART KEND KINC
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Table 1. Geometric Characteristics

(a) ONERA M6 wing

Mean aerodynamic chord, m ................. 0.64607
Semispan, m ........................ 1.1963

Reference area, m 2 ..................... 0.7532

leading edge _weep angle, deg ................. 30.0
Trailing edge sweep angle, deg ................. 15.8
Aspect latio .......................... 3.8
Taper ratio .......................... 0.562

(b) Lockheed Wing B

Mean aerodynamic chcrd, m ................. 0.1771
Semispan, m ......................... 0.318

Reference area, m2 ...................... 0.053
Quarter-ehoid sweep angle, deg ................. 30.0
Aspect ratio .......................... 3.8
Taper ratio ........................... 0.4

12



Table 2. Effect of Grid Convergence on Force and Moment Coefficients for ONERA M6 Wing

(a) Lift coefficient CL

CL Percentage error* in CL

Grid TLNS3D CFL3D TLNS3D CFL3D
97 x 25 x 17 0.25385 0.26550 6.63 2.76

145 x 33 x 25 .26041 .26794 4.22 1.86
193 x 49 x 33 .26517 .26952 2.47 1.28
289 x 65 x 49 .26865 .27134 1.19 .62

Infinite grid .27187 .27303 0 0

*Errors based on infinite-grid value for each particular code.

(b) Pitching-moment coefficient Cm

Cm Percentage error* in Cm

Grid TLNS3D CFL3D TLNS3D CFL3D
97 x 25 x 17 -0.09701 -0.10212 7.08 2.78

145 x 33 x 25 -.09938 -.10275 4.81 2.18
193 x 49 x 33 -.10128 -.10343 2.99 1.54
289 x 65 x 49 -.10290 -.10426 1.44 .74

Infinite grid -.10440 -.10504 0 0

*Errors based on infinite-grid value for each particular code.

(c) Total drag coefficient CD

CD Percentage error* in CD

Grid TLNS3D CFL3D TLNS3D CFL3D
97 x 25 x 17 0.01658 0.01744 5.38 0.44

145 x 33 x 25 .01658 .01744 5.38 .45
193 x 49 x 33 .01706 .01762 2.64 .61
289 x 65 x 49 .01730 .1756 1.27 .30

Infinite grid .01752 .01751 0 0

*Errors based on infinite-grid value for each particular code. The infinite grid value
of the total drag was obtained by extrapolating the total drag values as opposed to
extrapolating its components and then adding them to get the total drag.
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Table 2. Concluded

(d) Viscous drag coefficient CDv

CDv Percentage error* in CD_
Grid TLNS3D CFL3D TLNS3D CFL3D

97 x 25 x 17 0.00322 0.00426 43.46 24.92
145 x 33 x 25 .00420 .00511 26.25 9.88
193 x 49 x 33 .00504 .00557 11.50 1.77
289 x 65 x 49 .00538 .00563 5.53 .85
Infinite grid .00570 .00567 0 0

*Errors based on infinite-grid value for each particular code.

(e) Pressure drag coefficient CDp

CDp Percentage error* in Cop
Grid TLNS3D CFL3D TLNS3D CFL3D

97 x 25 x 17 0.01336 0.01318 -12.96 -11.18
145 x 33 x 25 .01238 .01232 -4.67 -4.07
193 x 49 x 33 .01202 .01205 -1.63 -1.76
289 x 65 x 49 .01192 .01194 -.78 -.84
Infinite grid .01183 .01184 0 0

*Errors based on infinite-grid value for each particular code.
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Table 3. Effect of Grid Convergence on Force and Moment Coefficients for Lockheed Wing B

(a) Lift coefficient CL

CL Percentage error* in CL

Grid TLNS3D CFL3D TLNS3D CFL3D

97 x 25 x 17 0.42087 0.44483 7.71 2.94
145 x 33 x 25 .43602 .45207 4.39 1.36
193 x 49 x 33 .44856 .45470 1.64 0.78
289 x 65 x 49 .45245 .45656 .79 .38
Infinite grid .45605 .45828 0 0

*Errors based on infinite-grid value for each particular code.

(b) Pitching-moment coefficient Cm

Cm Percentage error* in Cm

Grid TLNS3D CFL3D TLNS3D CFL3D
97 x 25 x 17 -0.24980 -0.26213 6.35 1.77

145 x 33 x 25 -.25741 -.26588 3.50 .36
193 x 49 x 33 -.26366 -.26737 1.16 .19
289 x 65 x 49 -.26526 -.26710 .56 .09
Infinite grid -.26674 -.26685 0 0

*Errors based on infinite-grid value for each particular code.

(c) Total drag coefficient CD

CD Percentage error* in CD

Grid TLNS3D CFL3D TLNS3D CFL3D
97 x 25 x 17 0.02937 0.02770 14.30 9.58

145 x 33 x 25 .02784 .02689 8.35 6.39
193 x 49 x 33 .02685 .02631 4.50 4.09
289 x 65 x 49 .02625 .02578 2.16 1.97
Infinite grid .02570 .02528 0 0

*Errors based on infinite-grid value for each particular code. The infinite grid value
of the total drag was obtained by extrapolating the total drag values as opposed to
extrapolating its components and then adding them to get the total drag.

15



Table 3. Concluded

(d) Viscous drag coefficient CDv

CD, Percentage error* in CD,_

Grid TLNS3D CFL3D TLNS3D CFL3D

97 × 25 × 17 0.00373 0.00507 33.69 3.55
145 × 33 x 25 .00466 .00547 17.16 -4.01
193 × 49 × 33 .00524 .00543 6.85 -3.35
289 × 65 × 49 .00544 .00534 3.29 -1.61

Infinite grid .00563 .00526 0 0

*Errors based on infinite-grid value for each particular code.

(e) Pressure drag coefficient CDp

CDp Percentage error* in CDp
Grid TLNS3D CFL3D TLNS3D CFL3D

97 x 25 × 17 0.02564 0.02263 -27.76 -13.02
145 × 33 × 25 .02318 .02143 -15.50 -7.01
193 x 49 x 33 .02161 .02088 -7.68 -4.29
289 × 65 × 49 .02081 .02044 -3.69 -2.06

Infinite grid .02007 .02002 0 0

*Errors based on infinite-grid value for each particular code.
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Table 4. Percent Difference in Infinite Grid Solutions

[Percent based on infinite-grid value for CFL3D]

ONERA M6 wing Lockheed Wing B

eL -0.4 -0.5
CM -.6 0
Co .1 1.6
Co v .3 7.1

COp -.1 .2

17



(a) Grid.

(b) Detail of grid near wingtip. 193 x 49 x 33 grid.

Figure 1. Grid for ONERA M6 wing.

18



(a) ONERA M6 wing.

(b) Lockheed Wing B.

Figure 2. Surface grids.
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Figure 17. Effect of grid refinement on the upper-surface boundary-layer profiles for the ONERA M6 wing.
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Figure 21. Effect of grid refinement on the upper-surface boundary-layer profiles for the ONERA M6 wing.
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Figure 22. Effect of grid refinement on the upper-surface boundary-layer profiles for the ONERA M6 wing.
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Figure 23. Upper-surface boundary-layer profiles for the ONERA M6 wing. 97 x 25 x 17 grid.
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Figure 23. Continued.

45



0.020 - 1.2

0.018

0.016 o CFL3D 1.0 "_o CFL3D

0.014 D TLNS3D I [] TLNS3D

I 0.8 - /___"_/d'

0.012 _ .d

z 0.010 I q/qoo
I o.6-

0.008 I

0.006 - I 0.4 d"
I

0.004 -
0.2

0.002 - '_

0.000 I _'q _--""-'_ I 0.0 I IIlllIIlI IfIIIIIII ,llIIIllI

0.0 0.4 0.8 1.2 10-5 10-4 10-3 10-2
q/qoo z

(e) 7/= 0.8,( = 0.25.

0.020 [- 1.2 -

0.018

1.0-
0.016 o CFL3D 0 CFL3D

[] TLNS3D [] TLNS3D0.014 -

0.80.012 -

q/qoo _/_

z 0.010 - 0.6

O. O0 8 _l

/ 0.40.006

0.004
F/2 0.2

0.002 .__
0.000 IC_- I I I 0.0 I IIIIIIIII IIIIITIII IIIIIIIII

0.0 0.4 0.8 1.2 10-5 10-4 10-3 10-2

q/qoo z

(0,7 = 0.8,_= 0.75.
Figure 23. Concluded.

46



0.020 1.2 -

0.018

0.016 o CFL3D 1.0 - o CFL3D

0.014- U TLNS3D [] TLNS$D _
0.8

0.012 -
q/qoo

z 0.010- 0.6 ,,__
0.008 -

0.006 0.4 d"

0.004-
0.2 L

0.002
0.000 C I ,4 __ I I 0.0 I t I IIII11 I f I Ifllll I I I IIIIII I

0.0 0.4 0.8 1.2 10-5 10 -4 10 -3 10-2
q/q_ z

(a)n= 0,,_=0.25.

0.020 - 1.2

0.018 -

0.016 o CFL3D 1.0 o CFL3D

0.014 n TLNS3D [] TLNS3D_
0.8-

0.012
q/qoo

z 0.010 0.6 -
/

0.008 ¢ _'_ _
0.006- 0.4- o/ /a_a

0.004 - d _/
._/_/ O.2

0.002 - _;_
j_j_

0.000 ) "q IC _ I I I 0.0 I I IIIIIII I I Ililll I I I IIIllll I

0.0 0.4 0.8 1.2 10 -5 10 -4 10-3 10 -2
q/q_ z

(b)n=o,_= 0.Ts.

Figure 24. Upper-surface boundary-layer profiles for the ONERA M6 wing. 145 x 33 x 25 grid.
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Figure 24. Continued.
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Figure 25. Upper-surface boundary-layer profiles for the ONERA M6 wing. 193 x 49 x 33 grid.
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Figure 25. Continued.
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Figure 26. Upper-surface boundary-layer profiles for the ONERA M6 wing. 289 × 65 × 49 grid.
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Figure 26. Continued.
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Figure 26. Concluded.
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Figure 27. Effect of grid refinement on the lower-surface boundary-layer profiles for the ONERA M6 wing.
= 0; _ = 0.25.
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Figure 28. Effect of grid refinement on the lower-surface boundary-layer profiles for the ONERA M6 wing.
n = 0;_ = 0.75.
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Figure 29. Effect of grid refinement on the lower-surface boundary-layer profiles for the ONERA M6 wing.
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Figure 30. Effect of grid refinement on the lower-surface boundary-layer profiles for the ONERA M6 wing.
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Figure 31. Effect of grid refinement on the lower-surface boundary-layer profiles for the ONERA M6 wing.
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Figure 32. Effect of grid refinement on the lower-surface boundary-layer profiles for the ONERA M6 wing.
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Figure 33. Lower-surface boundary-layer profiles for the ONERA M6 wing. 97 x 25 x 17 grid.
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Figure 33. Continued.
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Figure 33. Concluded.
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Figure 34. Lower-surface boundary-layer profiles for the ONERA M6 wing. 145 x 33 x 25 grid.
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• Figure 34. Continued.
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Figure 34. Concluded.
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Figure 35. Lower-surface boundary-layer profiles for the ONERA M6 wing. 193 × 49 × 33 grid.
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Figure 35. Continued.
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Figure 36. Lower-surface boundary-layer profiles for the ONERA M6 wing. 289 x 65 x 49 grid.
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Figure 36. Continued.
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Figure 36. Concluded.
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Figure 37. Effect of grid refinement on the upper-surface boundary-layer profiles for the Lockheed Wing B.
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Figure 38. Effect of grid refinement on the upper-surface boundary-layer profiles for the Lockheed Wing B.
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Figure 39. Effect of grid refinement on the upper-surface boundary-layer profiles for the Lockheed Wing B.
_/= 0.5; _ = 0.25.
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Figure 40. Effect of grid refinement on the upper-surface boundary-layer profiles for the Lockheed Wing B.
_?= 0.5; _ = 0.75.
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Figure 41. Effect of grid refinement on thc upper-surface boundary-layer profiles for the Lockhecd Wing B.
7/= 0.8; _ = 0.25.
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Figure 42. Effect of grid refinement on the upper-surface boundary-]ayer profi]es for the Lockheed Wing B.
7/= 0.8; _ = 0.75.
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Figure 43. Upper-surface boundary-layer profiles for the Lockheed Wing B. 97 x 25 x 17 grid.
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Figure 43. Continued.
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Figure 43. Concludcd.
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Figure 44. Upper-surface boundary-layer profiles for the Lockheed Wing B. 145 x 33 x 25 grid.
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Figure 44. Continued.
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Figure 44. Concluded.
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Figure 45. Upper-surface boundary-layer profiles for the Lockheed Wing B. 193 x 49 x 33 grid.
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Figure 45. Continued.
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Figure 45. Concluded.
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Figure 46. Upper-surface boundary-layer profiles for the Lockheed Wing B. 289 x 65 x 49 grid.
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Figure 46. Continued.

9O



0.020 1.4 -

0.018 o CFL3D

1.2 - [] TLNS3D
0.016 0 CFL3D

[] TLNS3D
0.014 _ 1.0 -

0.012 _ 0.8

z 0.010 J, qlqoo
0.6

0.008

0.006 - _ 0.4

O.O00e= m_.. , , t 0.0 I I I I
0.0 0.4 0.8 1.2 0 -6 10-4 10-2

q/q_ z

(e) 'q-- 0.8,,_= 0.25.

0.020 1.2

0.018
1.0

0.016 o CFL3D o CFL3D
[] TLNS3D

0.014 - 0.8

O.01 2 - q/q,=,

z 0.010 0.6

0.008
0.4-

0.006

0.004 _ 0.2

0.002

0.000 c c'==_ i t 0.0 i i _ I
0.0 0.4 0.8 1.2 10 -6 10 -4 10 -2

q/q= z

(f) n= 0.8,_ = 0.75.

Figure 46. Concluded.
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Figure 47. Effect of grid refinement on the lower-surface boundary-layer profiles for the Lockheed Wing B.
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Figure 48. Effect of grid refinement on the lower-surface boundary-layer profiles for the Lockheed Wing B.
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Figure 49. Effect of grid refinement on the lower-surface boundary-layer profiles for the Lockheed Wing B.
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Figure 50. Effect of grid refinement on the lower-surface boundary-layer profiles for the Lockheed Wing B.
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Figure 51. Effect of grid refinement on the lower-surface boundary-layer profiles for the Lockheed Wing B.
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Figure 52. Effect of grid refinement on the lower-surface boundary-layer profiles for the Lockheed Wing B.
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Figure 53. Lower-surface boundary-layer profiles for the Lockheed Wing B. 97 x 25 x 17 grid.
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Figure 53. Continued.
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Figure 53. Concluded.
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Figure 54. Lower-surface boundary-layer profiles for the Lockheed Wing B. 145 x 33 x 25 grid.
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Figure 54. Continued.
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Figure 54. Concluded.

103



0.020 1.2 -

0.018

1.0-
0.016 o CFL3D 0 CFL3D

[3 TLNS3D El TLNS3D

0.014 0.8 -

0.012
q/qo_

z 0.010 0.6

0.008

0.006 0.4

0.004 , 0.2

0.002
O.OOC _ ::__ I I 0.0 _ I IIIllll I I IIIIIII t I IIllllf I

0.0 0.4 0.8 1.2 10 -_5 10 -4 10 -3 10 -2

q/q_o z

(a) _7= 0, ( = 0.25.

0.020 1.2 -

0.018

1.0-
0.016 o CFL3D 0 CFLSD

El TLNSSD [3 TLNSSD

0.014 0.8

0.012
q/q_

z 0.010 0.6

0.008

0.006 _ 0.4 [_.,,_#a._

0.004 0.2

0.002

0.000 0_= - l I I 0.0 I I IIIIIII I IIIIIili I Iitlifll I

0.0 0.4 0.8 1.2 10 -5 10 -4 10 -3 10 -2

q/q,o z

(b) _/= O,_ = 0.75.

Figure 55. Lower-surface boundary-layer profiles for the Lockheed Wing B. 193 x 49 x 33 grid.
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Figure 55. Continued.
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Figure 55. Concluded.
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Figure 56. Lower-surface boundary-layer profiles for the Lockheed Wing B. 289 x 65 x 49 grid.
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Figure 56. Continued.
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Figure 56. Concluded.
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Figure 57. Effect of grid refinement on the symmetry plane skin friction for the ONERA M6 wing.
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Figure 58. Symmetry plane skin friction distributions using the same grid. ONERA M6 wing.
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Figure 59. Effect of grid refinement on the symmetry plane skin friction. Lockheed Wing B.
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Figure 60. Symmetry plane skin friction distributions using the same grid. Lockheed Wing B.
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Figure 61. Effect of grid refinement on spanwise lift distributions. ONERA M6 wing.
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Figure 62. Effect of grid refinement on spanwise lift distributions. Lockheed Wing B.
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Figure 63. Spanwise lift distributions for tile ONERA M6 wing.
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Figure 64. Spanwise ]i_ distributions _r the Lockheed Wing B.
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Figure 65. Upper surface pressure contours for ONERA M6 wing.
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Figure 66. Upper surface pressure contours for Lockheed Wing B.
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Figure 66. Concluded.
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Figure 67. L2 spatial error norm.
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Figure 68. Relative efficiency of the ONERA M6 wing.
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