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Comparison of Two Navier-Stokes Codes for Attached
Transonic Wing Flows

Daryl L. Bonhaus* and Stephen F. Wornomt
NASA Langley Research Center, Hampton, Virginia 23665

In the present study, two codes that solve the three-dimensional thin-layer Navier-Stokes (TLNS) equations
are used to compute the steady-state flow for two test cases representing typical finite wings at transonic
conditions. The first code, CFL3D, uses an implicit upwind-biased scheme, while the second, TLNS3D, uses an
explicit central-difference scheme. Comparisons of computed surface pressure distributions with experimental
data and analysis of global aerodynamic coefficient data indicate that for a given grid, CFL3D is more accurate,
while TLNS3D is more efficient. To achieve the same level of accuracy, TLNS3D requires more grid points
than CFL3D, but converges using slightly less computer time.

Introduction

T HIS paper is intended to serve three purposes. First, with
the increase in available codes for solving the Reynolds-

averaged Navier-Stokes (RANS) equations, and given the
high cost of the computer resources required to run these
codes routinely, it becomes necessary to evaluate their relative
performance to achieve a given accuracy with the least cost
in terms of computer resources. Such evaluations have been
made of various schemes in two dimensions,1'2 but compari-
sons of three-dimensional codes are scarce. Reference 3 is a
comparison in three dimensions, but the test case is not a
transonic wing flow. Another study4 compares Euler codes
calculating wing-fuselage flows. Conclusions were drawn that
are consistent with those stated later in this paper; however,
this study focuses more attention on code efficiency.

Second, the study serves as a code-on-code validation and,
as will be demonstrated later, it has considerably increased
our confidence in both codes. As a byproduct of this com-
parison, several coding errors were found and corrected in
both codes.

Third, the results obtained during the course of this study
point to several areas of research that should be considered
in the future so that better tools will be available.

Code Descriptions
There are many codes available to compute viscous tran-

sonic flow over wings. The Reynolds-averaged Navier-Stokes
codes can be divided into two classes of numerical methods.
The first class are methods that introduce numerical dissi-
pation through a characteristic decomposition of the inviscid
Euler terms and are referred to as upwind or upwind-biased
methods. The second class uses central differencing for the
flux differences with explicitly added artificial dissipation to
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eliminate the odd/even decoupling associated with the central-
difference method.

Since most of the available codes are primarily research
codes, in order to compare the various codes based on these
methods, a fair comparison would require these codes to be
executing on the same computer and to have the code de-
velopers present to provide guidance and make code modi-
fications where required. Since this was not possible for all
available codes, the study here was limited to two codes de-
veloped at NASA Langley where the code developers were
present to monitor the results obtained with their codes.

The codes analyzed are referred to as CFL3D and TLNS3D
and both represent the state of the art for the upwind and
central-difference methodologies, respectively. Both use a fi-
nite volume formulation, with flow quantities stored at cell
centers, to integrate the three-dimensional time-dependent
TLNS equations in time until a steady-state solution is reached.
To accelerate convergence, both codes can make use of grid
sequencing, multigrid, and local time-stepping techniques.

CFL3D uses the Pulliam-Chaussee diagonal ADI time-
marching algorithm5 with third-order upwind-biased differ-
ences for the spatial derivatives of the inviscid terms. The
upwind method used is the Roe flux-difference-splitting (FDS)
scheme.6 A min-mod flux limiting scheme is employed to
obtain smooth solutions in the vicinity of discontinuities. Dur-
ing the investigations conducted here, it was determined that
the multigrid feature did not improve convergence for Navier-
Stokes solutions and it was not used. Details on the formu-
lation of this code can be found in Refs. 3 and 7-10.

TLNS3D uses an explicit five-stage Runge-Kutta time-
marching algorithm, with second-order central differences for
the spatial derivatives. A blend of second- and fourth-order
artificial dissipation terms are added to maintain numerical
stability. The artificial dissipation terms are sealer. In addition
to the previously mentioned convergence acceleration tech-
niques, TLNS3D utilizes implicit residual smoothing to im-
prove convergence to steady state. Details on the formulation
of this code can be found in Refs. 3 and 11-19.

For turbulent attached flows, both codes uses the Baldwin-
Lomax algebraic turbulence model.20 TLNS3D also has the
option to use the Johnson-King nonequilibrium turbulence
model21 that has been shown to produce more accurate so-
lutions for separated flows.17

With the exception of the downstream boundary, the
boundary conditions in both codes are mathematically the
same. The wing surface is modeled as a viscous surface with
a no-slip condition on velocity and a zero normal pressure
gradient. The treatment of the far-field boundaries is based
on Riemann invariants for one-dimensional flow normal to
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the boundary as described in Ref. 22. These conditions are
also used for the downstream boundary in CFL3D. In TLNS3D,
the flow quantities at the downstream boundary are deter-
mined by extrapolation. Symmetry conditions are imposed on
the grid plane at the wing root plane. The only other differ-
ence between the codes was the location of the transition
point, which for TLNS3D was set at 2% chord on both the
upper and lower surfaces. For CFL3D, the flow was assumed
to be turbulent over the entire wing.

Test Case Descriptions
The test cases used for analysis are the ONERA M6 Wing23

and the Lockheed Wing B24 configuration. The geometrical
characteristics of both wings can be found in Ref. 25. The M6
wing was developed specifically for experimental support of
three-dimensional transonic and subsonic flowfield studies,
and an extensive data base of surface pressure distributions
is available over a range of transonic Mach numbers at angles
of attack up to 6 deg. The particular case analyzed in this
study is for a Mach number of 0.84 and an angle of attack of
3.06 deg.

The Lockheed Wing B configuration was also tested for the
purpose of computational fluid dynamic (CFD) code evalu-
ation. In addition to a data base of surface pressure distri-
butions similar to that available for the ONERA M6, exper-
imental force and moment coefficients and spanwise lift
distributions are also available for Wing B. The case examined
in this study is for a Mach number of 0.851 and an angle of
attack of 2.95 deg.

Because CFL3D does not have the option of using the
Johnson-King turbulence model that has been shown to be
more accurate for separated flows, only attached flow cases
were selected and both codes used the Baldwin-Lomax tur-
bulence model.

Four computational grids were generated for each wing
using a two-boundary transfinite interpolation technique.26

These grids are of C-O topology (C in the streamwise direction
and O in the spanwise direction). The finest grid contains 289
points in the streamwise direction, 65 points in the direction
normal to the wing surface, and 49 points in the crossflow
direction (i.e., 289 x 65 x 49). The other grids are (in de-
creasing order by size) 193 x 49 x 33, 145 x 33 x 25, and
97 x 25 x 17. On the lower surface of the wing, the trailing
edge was located at / = 33, 25,17, and 13, respectively, where
i = 1 corresponds to the far downstream lower surface lo-
cation. On the upper surface, the trailing edge was located
at 257, 169, 129, and 85. This translates into the following
number of cells on each surface: 21,728, 9216, 5376, and 2304.

The outer boundary of the computational domain extends
approximately 6.25 semispans vertically (above and below the
wing), 6.5 semispans upstream, 7.5 semispans downstream,
and 6.5 semispans horizontally outward from the wing tip.
The physical geometric coordinates are scaled so that the
semispan of the wing in the computational domain is of unit
length.

Results
First, the effect of grid refinement on the section pressure

coefficients is examined. Next, the iteration history and the
accuracy for a given grid is presented. Then, after an exam-
ination of the spanwise lift distributions, a discussion of rel-
ative efficiency to achieve a given accuracy and the conclu-
sions follow.

Surface Pressure
Figure 1 shows the effect of grid refinement on the pressure

distributions for CFL3D and TLNS3D, respectively, for the
ONERA M6 Wing. The spanwise distance Y is normalized
with respect to the semispan length B/2. Figure 2 shows the
corresponding results for the Lockheed Wing B. Figures 1
and 2 show distinctively different convergence patterns be-
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tween TLNS3D and CFL3D as the grid is refined. For the
ONERA M6 Wing, CFL3D predicts approximately the same
shock thickness on each grid. The changes that do occur with
grid refinement are reflected more in improved resolution of
the region of accelerated flow near the leading edge than in
shock resolution. For TLNS3D, the effect of grid refinement
is to sharpen the shock as well as to resolve the region of
accelerated flow at the leading edge. For the Lockheed Wing
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B, both CFL3D and TLNS3D predict shocks that sharpen as
the grid is refined.

Figure 3 shows comparisons of the computed pressure dis-
tributions on each individual wing for the 289 x 65 x 49
grid. There is good agreement between the calculations for
the ONER A M6 on the finest mesh. For the Lockheed Wing
B, there are substantial differences between grid-refined cal-
culations and the experimental data. This is due to wind-
tunnel wall effects in the experiment which have not been
considered in the calculations. Reference 24 gives estimated
Mach-number and angle-of-attack corrections but they have
not been used here. Angle-of-attack corrections are on the
order of one degree. In addition, after the calculations were
performed, an error in the computational geometry was found.
The wing on which the calculations were performed was swept
approximately 5 deg farther aft than the wind-tunnel geom-
etry. Because of the magnitude of the angle-of-attack cor-
rections, however, it is not expected that correcting the ge-
ometry would result in better agreement with the experiment.
The conclusions drawn about the relative performance of the
two codes are still valid.

Iteration History
In order to examine the relative efficiency and accuracy of

the codes, the values of the force coefficients are stored at
each iteration. Using these data, the percent changes in the
force coefficients at each iteration are calculated using their
final converged values as references. CPU time, or the time
required to run the code if it were the only task being per-
formed by the computer, is stored at the end of each grid
sequence. This time includes the time required to read and
write data files and the time required to perform the calcu-
lations. It does not include code compilation time or post-
processing time. In this manner, the amount of CPU time
required for the force coefficients to converge to a given per-
centage of their final values is determined.

The convergence histories for the continuity equation re-
sidual and the lift coefficient using the 289 x 65 x 49 grid
are presented in Fig. 4. For each grid, the residual for CFL3D
drops approximately three orders of magnitude before lev-
eling off and exhibiting high-frequency oscillations that are
attributed to the use of the flux limiter. For TLNS3D, the
residual continues to decrease to the end of the run.

Figure 4 clearly illustrates the strong point of TLNS3D,
that is, faster convergence of the residual and the integrated
force coefficients as the grid is refined. The convergence his-
tories for the 97 x 25 x 17 and the 145 x 33 x 25 grids
showed the same approximate rate of convergence for both
codes. As the number of grid points becomes large, the 193
x 49 x 33 and 289 x 65 x 49 grids, TLNS3D is more efficient
than CFL3D. This is an important advantage since run times
for fine grids are measured in hours as opposed to minutes
on the coarser meshes.

To quantify the relative efficiency for a given grid, it is
assumed that convergence is acceptable when the percent
changes in the lift, viscous drag, and pressure drag conver-
gence histories are less than 1/2%. To reach this criterion,
CFL3D requires on the order of twice the CPU time of TLNS3D
for the two finest grids. For the 193 x 49 x 33 grid, this
translates into approximately 40-50 min additional CPU time.
For the 289 x 65 x 49 grid, this translates into 2-3 h ad-
ditional CPU time.

Accuracy
The values of the coefficients of lift, pitching moment, and

total drag for each wing are shown in Fig. 5. The values given
for CFL3D on the two finest grids are accurate to three dec-
imal places. To estimate errors, reference values for the force
coefficients must be known. These can be the experimental
values or the values from a numerical solution using a very
fine grid. For these test cases, the experimental values are
not known. Limits on computer resources did not permit so-
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lutions on more refined meshes; therefore, a second-order
Richardson extrapolation was used based on the cube root of
the total number of cells in the field. The finest two levels of
mesh refinement were used in this extrapolation. The nu-
merical error was then calculated using these extrapolated
values as reference.

Figure 6 shows the percentage error in the lift, pitching
moment, and the total drag. The error distributions for the
lift and pitching moment shown in Fig. 6 are classic examples
of what one would expect to see from second-order schemes,
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that is, as the grid is refined, the error decreases in a consistent
manner asymptotic to a line of slope 2. These figures show
CFL3D to be the more accurate scheme for predicting the lift
and pitching moment.

The errors in the total drag for the ONERA M6 show
CFL3D to be significantly more accurate than TLNS3D and
relatively insensitive to grid refinement. Because this same
behavior is not observed for the Lockheed Wing B, where
CFL3D is slightly more accurate, it is believed that this is
related to the accurate predicted shock thickness on each grid
obtained with CFL3D for the ONERA M6 case. For the
Lockheed Wing B, both codes predict shocks that sharpen as
the mesh is refined leading to total drag error predictions of
the same order.

Shown in Fig. 6 are the values of the lift, pitching moment,
and total drag for each wing. The percent differences in the
predicted infinite-grid values of lift, pitching moment, total
drag, and lift-to-drag ratio between the two codes were - 0.4,
-0.6, 0.1, and -0.5 for the ONERA M6 Wing and -0.5,
-0.0, -1.6, and -2.1 for the Lockheed Wing B. The percent
differences are with reference to CLF3D.

Figure 7 shows the lift-to-drag ratios and their errors with
grid refinement. As can be seen, TLNS3D is significantly
more accurate than CFL3D in predicting the lift-to-drag ratio
for the ONERA M6 Wing and is slightly less accurate for the
Lockheed Wing B. That is, although CFL3D predicts more
accurate individual values of the lift and total drag on a given
grid for the ONERA M6 Wing, TLNS3D predicts the more
accurate value of the lift-to- drag ratio.

A similar anomaly occurs for the total drag where it is noted
that, in general, the error in the total drag for both codes is
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smaller than the error in each of the individual components
that are added to obtain the total drag.
Spanwise Lift Distributions

Figure 8 shows the convergence of the lift distributions with
grid refinement. CFL3D shows less variation than TLNS3D
with grid refinement. One noticeable difference between the
two codes is the symmetry plane values of the lift. CFL3D
shows very little variation at the symmetry plane in compar-
ison with TLNS3D. Also, CFL3D shows a change in the slope
of the lift distribution as the symmetry plane is approached.

Relative Efficiency for a Given Accuracy
One of the goals of this work was to examine the relative

efficiency of TLNS3D and CFL3D to achieve a given accu-
racy. This is not a simple task due to distinctly different trends
observed for the two test cases and the lack of exact values
of the force coefficients on which to base the error estimates.

In order to determine the relative efficiency for a given
accuracy, various viewpoints are considered. The wing de-
signer is primarily interested in obtaining accurate values for
the lift-to-drag ratio whereas the propulsion designer is in-
terested in the total drag. Both of the viewpoints are different
from that of the structural engineer who is interested in the
lift and pitching moment coefficients. In order to have a single
measure of accuracy that reflects the different viewpoints,
accuracy is examined in terms of the L2 norm computed using
the percent error in lift, pitching moment, total drag, and the
lift-to-drag ratio. This norm is shown in Fig. 9. Using this
norm, CFL3D is the more accurate code on a given grid. To
quantify this, the accuracy achieved with TLNS3D using the
289 x 65 x 49 grid (884,736 cells) for the ONERA M6 Wing
could have been obtained with CFL3D using 511,113 cells or
42% fewer cells A calculation for this grid was not available.
However, a solution is available on a grid that has 67% fewer
cells (the 193 x 49 x 33 grid) and can be used to estimate
the relative efficiency on a grid with 42% fewer calls.

Shown in Fig. 10 are the convergence histories for CFL3D
using the 193 x 49 x 33 grid (67% fewer cells) and TLNS3D
using the 289 x 65 x 49 grid. It is concluded that TLNS3D
is as efficient as CFL3D even though the CFL3D calculation
was made with a grid containing 67% fewer cells. It follows,
then, that TLNS3D is significantly more efficient than CFL3D
if CFL3D is run on a grid having 42% fewer cells than the
grid used for TLNS3D; therefore, TLNS3D is more efficient
than CFL3D in attaining the sajne accuracy.

Conclusions
Based on the numerical results for the ONERA M6 Wing

and the Lockheed Wing B, for attached transonic flow, the
following are concluded:

1) In general, CFL3D is the more accurate code for a given
grid.

2) For a given grid, TLNS3D is the more efficient code,
especially as the number of grid points becomes large. For
the finest grid considered here (884,736 cells), it is approxi-
mately twice as efficient.

3) For equivalent accuracy, TLNS3D is the more efficient
code.

All error estimates were based on the infinite grid values
obtained using Richardson extrapolation. For the ONERA
M6, the pressure coefficients showed excellent agreement on
the finest grid and the differences between the infinite grid
values were small. For the Lockheed Wing B, there were
significant differences in the pressure coefficients that in turn
are reflected in significant differences in the infinite grid val-
ues. For these reasons, further comparisons with other codes
and more detailed experimental data are suggested.

The results presented here also suggest potential improve-
ments in both methods. First, a smoother flux-limiting func-
tion for CFL3D would improve convergence of the residual,
and the development and application of a multigrid capability
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Fig. 10 Relative efficiency for the M6 wing.

would also accelerate convergence. CFL3D is capable of run-
ning multigrid, but the current implementation improves con-
vergence only for in viscid calculations. The obvious need with
regard to TLNS3D is improved grid convergence. This may
be accomplished with improved dissipation models to mimic
the grid convergence of upwind methods.
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