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PROSPECTS FOR COMPUTING ATRFOIL AERODYNAMICS WITH
REYNOLDS AVERAGED NAVIER-STOKES CODES

George S. Deiwert and H. E. Bailey
NASA Ames Research Center

SUMMARY

The Reynolds averaged Navier-Stokes equations are solved numerically for
a variety of transonic airfoil configurations where viscous phenomena are
important. Illustrative examples include flows past sensitive geometries,
Reynolds number effects, and buffet phenomena.

INTRODUCTION

The prediction of viscous phenomena in airfoil aerodynamics involves
descriptions of both boundary-layer and inviscid flow regions and their inter-
action with one another. For flows where the boundary layer remains attached,
the two flow regions may be analyzed separately and their interaction deter-
mined iteratively. This generally requires solving the compressible Euler
equations (or a suitable subset) for the inviscid field and the boundary-layer
equations for the viscous region near solid surfaces. The flow regions posing
computational difficulty in these cases are the near wake, with its trailing
edge singularity, and possible shock/boundary-layer interaction regions. When
the viscous-inviscid interactions are strong, and there is flow separation or
even buffeting, it is more reasonable to solve the Navier-Stokes equations for
compressible flows. These equations describe the coupling between the viscous
and inviscid regions, describe the elliptic behavior in regions of flow sepa-
ration, and do not contain the singularity at the trailing edge.

In this paper several illustrative examples are presented in which viscous
effects are important to transonic airfoil flows. All viscous numerical solu-
tions are obtained from the Reynolds averaged Navier-Stokes equations and all
are compared with appropriate experimental data. Two computer codes are used
at present to generate flow field solutions: a fully implicit code, described
in reference 1, and a mixed explicit/implicit code, described in reference 2.
Botb produce comparable results and are competitive in their computational
ef{iciency. Symbol definitions are given in an appendix.

SHOCKLESS LIFTING AIRFOIL
Congider first the shock-free supercritical profile designed analytically
by Garabedian and Korn (ref. 3). A series of experiments for design and
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off-design conditions were performed at the NAZ by Kacprzynski et al. (ref. 4)
and by Kacprzynski (ref. 5). Comparisons at che design conditions with the
inviscid theory of Garabedian and Korn suggest that the wind-tunnel test con-
ditions for Mach number and angle of attack be corrected by subtracting 0.015
and 0.89°, respectively. This was in fact done and a series of comparisons
between experiment and inviscid theory were made at a variety of off-design
conditions (ref. 4). Figure 1 shows one such comparison for a test Mach
number of 0.755 and an angle of attack of 0.12°, just slightly off the design
conditions of 0.750 and 0.0°, respectively. Included are inviscid solutions
for both the corrected (M = 0.740, o = -0.77°) and uncorrected conditions.
Clearly, the "corrected" solution shows better agreement with experiment,
though it fails to predict drag coefficient Cp accurately. Also included
in this figure is a viscous solution from a Navier-Stokes code at the
uncorrected test conditions. The inclusion of viscous effects results in the
same overall improvement as correcting the wind tunnel test conditions. Fur-
thermore, both drag and 1ift are predicted accurately.

A second example, shown in figure 2, is for a high-1lift configuration,
where the test Mach number is 0.747 and angle of incidence is 2.96°. As in
figure 1, the corrected inviscid solution for M = 0.732 and o = 2.07°
agrees much better with experiment than do the uncorrected inviscid results.
Again, drag is not well predicted and, in this case, neither is lift. Inclu-
sion of viscous.effects, by means of the Navier-Stokes equations, results in
similar overall improvement without corrections to wind tunnel test condi-
tions. However, both drag and 1lift are better predicted.

Kacprzynski et al. (ref. 4) state that the only justification for their
correction is that it leads to the best agreement in pressure distribution
between theory and experiment for the design case. In addition, the large
discrepancies, particularly in Mach number, were not explainable. Previous
experience indicated that Mach number corrections should be practically zero
and angle of attack corrections less than 0.89°. It is suggested here, based
on the results shown in figures 1 and 2, that viscous effects are of primary
consideration for this particular airfoil configuration, and t“at tunnel cor-
rections, while probably necessary, are not as great as indicated by inviscid
theory.

Two possible explanations for this sensitivity of an inviscid design to
viscous effects are: 1) the critical rapid expansion region at the nose of
the airfoil is altered by viscous effects, and 2) the high aft camber results
in fairly large viscous displacement thicknesses. Hence, we find an inviscid
design producing a configuration that is highly sensitive to viscous phenomena.

To further support the validity of viscous solutions, a series of compu-
tations were made for nominal test Mach numbers of 0.75 and angles of attack
ranging from -1.54° to 4.34°. The results of these computations are compared
with experiment in figure 3 in the form of a drag polar (fig. 3(a)) and 1ift
curve (fig. 3(b)). The agreement in both cases 1s very good.

Included in the drag polar are linearized ‘aviscid results (which, of
course, predict zero drag) and nonlinear inviscid results from the Garabedian
and Korn code. The viscous sclutions for angles of incidence greater than 3°

120

"™

U I L.




indicate buffet and are illustrated by two Cp vs Cp branches for angles
3.259 and 4.34°. The 1ift and drag vary periodically along the branch cor-
responding to the particular angle of incidence. Othér angles of incidence
greater than 3° (not shown) would exhibit different paths of periodic
variation.

The buffet domain is more clearly illustrated in figure 3(b) for 1lift as
a function of angle of attack. Here, for a given incidence, the minimum and
maximum 1lift values define a buffet envelope. Note that the buffet onset and
buffet boundaries are not necessarily confirmed nor repudiated by experiment.
The experiments were static and not designed to define buffet conditions. The
correspondence of maximum Cp, however, suggests similar buffet omset in the
experiment. ‘

To realize agreement between computation and experiment, the results
shown in the 1lift curve suggest, for no Mach number corrections, suitable
angle of attack corrections of roughly -0.3° for the 6% wall porosity experi-
ment of reference 4 and -1.3° for the 20.5% wall porosity experiment of
reference 5.

NACA 0012 AIRFOIL

Recent experiments in the AEDC 1-ft transonic tunnel on an NACA 0012 air-
foil by Kraft and Parker were compared with similar experiments by Vidal et al.
(ref. 6) in the Calspan 8-ft transonic tunnel. Results for a test Mach number
of 0 80 and a 1° angle of attack indicate differences in shock position and
trailing edge pressure between the two experiments. Two possible explanations
for these discrepancies included 1) differences in wind-tunael effect and 2) a
Reynolds number effect. The Calspan experiments were performed at a chord
Reynolds number of 1.0x10% and the AEDC experiments at 2.25x106, Computed
Navier-Stokes solutions for each of these Reynolds numbers were compared with
experiment by Potter and Adams (ref. 7) for upper surface pressure distribu-
tion and are reproduced in figure 4. The computed results agree with experi-
ment at corresponding Reynolds numbers, suggesting that the difference in
shock position is due to a Reynolds number effect. The low Reynolds number
solution (Re = 1x10°) indicates the presence of separated flow downstream of
the mid-chord position while the high Reynolds number solution (Re = 2.25x106)
is attached. This difference in flow pattern is reasonable in view of the
fact that the low Reynolds number flow is trausitional near the mid-chord of
the airfoil and thus more susceptible to separation than the fully developed,
higher Reynolds number flow. There are insufficient experimental data to con~
firm the existence or absence of separated flow.

Included for comparison in figure 4 is an inviscid solution obtained from
transonic small perturbation theory (ref. 7). It is seen by comparison that
for these relatively low Reynolds numbers the consideration of viscous effects
is important since the 1lift coefficient may be strongly affected by shock wave
location, which in turn is strongly affected by viscosity.
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CIRCULAR ARC (18%)

A series of experiments and computations for the transonic flow over an
187% biconvex circular arc airfoil has been periormed at the Ames Research
Center (refs. 8-15). Results from these studies indicate the existence of
three separate flow domains that are defined by Mach number and Reynolds num-
ber. Figure 5, taken from reference 12, shows the experimentally determined
boundaries of these flow domains. For Mach numbers less than 0.73, the flow
is always steady, with flow separation occurring near the trailing edge of the
airfoil. For Mach numbers greater than 0.78, the flow is always steady, with
separation occurring a: the foot of the shock and closing in the near wake.
In between exists an unsteady periodic regime in which the flow alternates

between shock-induced separation and fully attached flow.

Surface pressure comparisons between viscous computations and experiment
in each of the three flow regimes is shown in figure 6 (taken from ref. 14).
For the low Mach number (M = 0.72) steady flow with trailing edge separationm,
the agreement is excellent. For the high Mach number ( M = 0.783) steady flow
with shock-induced separation, the comparisons are only qualitatively correct.
In this case the computed solution indicates the presence of a strong oblique
shock, while the experiment indicates a weak oblique shock. While both strong
and weak shock solutions will satisfy the governing equations, the computer
code at present does not yield the weak solution shown in the experiment. Both
computation and experiment exhibit shock-induced separation with closure
realized in the near wake. Size of the reverse flow region is reasonably well
predicted (see refs. 13 and 15). For the unsteady flow regime, the pressure
distribution over the airfoil surface is unsteady. Comparisons for this case
will be discussed subsequently.

Shown in figure 7 are selected frames from a high~speed shadowgraph movie
of the upper aft portion of the airfoil during experimental tests. Figure 7(a)
shows a normal shock at about 65% chord with flow separation occurring just
ahead of the trailing edge. This corresponds to the low Mach number regime.
Figure 7(b) shows a time-dependent sequence of the same region for the unsteady
regime and illustrates the periodic nature of the alternating shock-induced
separation/fully attached flow. Figure 7(c) shows a steady oblique shock at
nearly 607 chord with separation initiated at the foot of the shock.

Figure 8 shows computed Mach contours for the three flow regimes;
figures 8(a), 8(b), and 8(c) correspond to steady flow with trailing edge
separation, unsteady periodic flow, and steady flow with shock-induced separa-
tion, respectively. The comparison of results between figures 7 and 8 illus-
trates that the computer simulation reflects the appropriate physical behavior
of this configuration and describes all three flow regimes observed exper imen-
tally. The only real point of discrepancy remains in the weak vs strong
oblique shock in the steady flow high Mach number case.

Finally, in figure 9, the surface pressure time histories for the com-
puted and experimental unsteady flows are compared. Flow conditions were for
M= 0.754, o = 0°, and Re = 11x10® 1in both the computation and experiment.
The computed results simulated the wind-tunnel walls as boundary conditions.
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Comparisons are made at a mid-chord location and near a 3/4-chord location on
both upper and lower surfaces simultaneously. Remarkable agreement is found
both in form and amplitude of the variations. The reduced frequency of the
oscillations agreed to within 20%.

Clearly, viscous effects are important in all three flow regimes observed
for the 18% circular arc airfoil. The success of the computer code in simu-
lating such flows, particularly in the unsteady regime, gives confidence in ﬁ A
its utility. ‘E *

COMPUTATIONAL EFFICIENCY

At present, two computer codes are used at Ames to solve the Reynolds
averaged Navier-Stokes equations for compressible flows. One is based on the
mixed explicit/implicit algorithm developed by MacCormack (ref. 16) and the F
other on the fully implicit algorithm developed by Beam and Warming (refs. 17 iy
and 18) and Briley and McDonald (ref. 19). Both codes are competitive in :
terms of cost and reliability of results. 1In addition, both codes are in a
continued state of development and are constantly being improved in terms of
efficiency. For example, flow over the Korn airfoil was simulated using the
fully explicit ccle of 1974 and required 13 hr of CDC 7600 time to obtain a
converged solution. An improved version (1976) employing a mixed explicit/
implicic operator reduced the computer requirements to 90 to 120 min. The
present version (mixed explicit/implicit, 1978) requires only 20 to 30 min for
the same configuration. Modifications are presently underway to reduce this
time by one-half,

Both of the present codes use algebraic eddy viscosity models to describe
the Reynolds stresses in terms of mean field gradients. Discussions of these
models for the mixed code are presented in references 8, 9, and 13 and for the
fully implicit code by Baldwin and Lomax (ref. 20). It is possible that these
models can have a significant influence on the reliability of the results. A
continued effort exists at Ames to further improve the reliability of the
turbulence transport models.

CONCLUDING REMARKS

Three illustrative examples have shown that consideration of viscous
effects is important for computing airfoil aerodynamics in a variety of situa-~
tions. Included are sansitive shapes (such as the Korn supercritical airfoils),
the definition of buffet boundaries, Reynolds number effects, separated flows,
and unsteady flows. In addition it has been shown, by comparison with experi-
ment, that computer codes based on the Reynolds averaged Navier-Stokes equa-
tions can provide adequate simulations of these flows for the evaluation of a
given design. The computational efficiency of these codes is steadily being

improved such that they are expected to be an effective analytical tool in the
near future.

123 ‘




TN, AR

AP

124

APPENDIX

SYMBOLS

airfoil chord

drag coefficient

lift coefficient

pressure coefficient

critical pressure coefficient
free-stream Mach number

total pressure

free-stream Reynolds number based on chord

time
chordwise coordinate

free-stream angle of attack

incremental pressure from the mean surface pressure
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Figure 1.- Surface pressure distribution over Korn 1 airfoil
at near-design condift.ions. Re = 21 x 106.
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Figure 2.- Surface pressure distribution over Korn 1 airfoil
at high lift conditions. Re = 21 x 106,

127

' . o Y N O U L .
T N R S T N L o lin e




EXPERIMENT

020.5% TUNNEL WALL POROSITY
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(a) Drag polar. (b) Lift curve.

Figure 3.- Drag polar and 1lift curve for Korn 1 airfoil at nominal
Mach number of 0.75. Re = 21 x 106.
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Figure 4.- Upper surface pressure distribution over NACA 0012
airfoil, M = 0.80; o = 1°.
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STEADY FLOW, UNSTEADY FLOW, STEADY FLOW,
TRAILING-EDGE OSCILLATORY  SHOCK-INDUCED
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Figure 5.~ Experimental flow domains for the 18~percent-thick
: circular-arc airfoil.
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Figure 6.- Computed and experimental pressure distributions on the
18-percent~thick circular-arc airfoil. Re = 11 x 106; o = 0°.
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(c) Steady flow, shock-induced separation.

Figure 7.- Boundary-layer separation on the 18-percent-thick circular-are

airfoil from a shadowgraph movie. Re = 11 X 106; a = 0°, Y
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Figure 8.- Computed Mach contours in the flow field gbout the 18-
percent-thick circular-arc airfoil. Re =11 x 107; a = 0°.
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Figure 9.- Surface pressure time histories on the 18-percent-thick
circular-arc airfoil with unsteady flow. M = 0.76; Re = 11 X 106;
a = 0°.
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